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PREFATORY  NOTE 

This  volume  is  the  first  of  a  series  of  reports,  all  of  the  others 
being  of  a  technical  nature,  issued  in  connection  with  the  planning 
and  execution  of  a  notable  system  of  flood  protection  works  in  the 
Miami  Valley  in  southwestern  Ohio. 

From  the  great  flood  of  March,  1913,  which  destroyed  in  the 
Miami  Valley  alone  over  360  lives  and  probably  more  than  100 
million  dollars  of  property,  there  resulted  an  energetic  movement 
to  prevent  such  a  recurrence.  This  movement  developed  grad- 
ually into  a  great  cooperative  enterprise  for  the  protection  of  the 
valley  by  one  comprehensive  project.  The  Miami  Conservancy 
District,  established  in  June,  1915,  under  the  newly  enacted  Con- 
servancy Law  of  Ohio,  became  the  agency  for  securing  this  pro- 
tection. On  account  of  the  unusual  size  and  character  of  the  under- 
taking, the  plans  of  the  district  have  been  developed  with  more 
than  usual  care. 

A  Report  of  the  Chief  Engineer,  submitting  a  plan  for  the  pro- 
tection of  the  district  from  flood  damage,  was  printed  March,  1916, 
in  3  volumes  of  about  200  pages  each.  Volume  I  contains  a  synop- 
sis of  the  data  on  which  the  plan  is  based,  a  description  of  its  de- 
velopment, and  a  statement  of  the  plan  in  detail.  Volume  II  con- 
tains a  legal  description  of  all  lands  affected  by  the  plan.  Volume 
III  contains  the  contract  forms,  specifications,  and  estimates  of 
quantities  and  cost. 

After  various  slight  modifications  this  report  of  the  Chief  Engi- 
neer was  adopted  by  the  Board  of  Directors  as  the  Official  Plan  of 
the  District  and  was  republished  in  May,  1916. 

In  order  to  plan  the  project  intelligently,  many  thorough  in- 
vestigations and  researches  had  to  be  carried  out,  the  results  of 
which  have  proved  of  great  value  to  the  district,  and  which  will 
also  be  of  widespread  value  to  the  whole  engineering  profession. 
It  is  the  object  of  this  series  of  Technical  Reports  to  make  available 
to  the  residents  of  the  state  and  to  the  technical  world  at  large,  all 
data  of  interest  relating  to  the  history,  investigations,  design  and 
construction  of  the  project. 

The  following  reports  have  been  completed: 
Part  I.— The  Miami  Valley  and  the  1913  flood. 
Part  II. — History  of  the  Miami  flood  control  project. 

Part  III. — (a)  Theory  of  the  hydraulic  jump  and  backwater 

curves, 
(b)   The  hydraulic  jump  as  a  means  of  dissipating 

energy. 
Part  IV. — Calculation  of  flow  in  open  channels. 
Part  V. — Storm  rainfall  of  eastern  United  States. 


:) 


The  following  are  in  the  course  of  preparation : 

Rainfall  and  runoff  in  the  Miami  Valley. 

Laws  relating  to  flood  prevention  work. 

Flood  prevention  works  in  other  localities. 

Earth  dams. 

Selection  of  general  type  of  improvement  and  design  of  re- 
tarding basin  system. 

Construction  of  protection  system. 

Contracts  and  specifications. 

The  most  significant  aspect  of  this  undertaking  cannot  be  cov- 
ered in  any  technical  report.  For  it  was  the  spirit  of  the  community, 
no  less  than  careful  planning,  which  made  possible  the  final  success 
of  the  undertaking.  Immediately  after  the  flood  23,000  of  the  peo- 
ple of  Dayton  subscribed  a  fund  of  more  than  $2,000,000  to  be  used 
to  promote  flood  protection.  When  the  integrity  of  the  Conser- 
vancy Law  was  endangered  in  the  state  legislature,  in  three  days' 
time  a  petition  was  signed  by  87,000  of  the  inhabitants  of  the  dis- 
trict, out  of  a  total  population  of  250,000,  asking  that  the  law  be  al- 
lowed to  stand.  In  the  development  of  the  district's  plans,  the  time, 
money,  and  interests  of  the  business  men  of  the  valley  have  been 
freely  oflFered.  A  very  large  proportion  of  these  men  of  largest 
interests,  at  some  time  or  other  during  the  progress  of  the  work, 
have  for  varying  periods  of  a  few  days  or  weeks  to  more  than  a  year 
at  a  time,  practically  laid  aside  their  private  interests,  and  have 
given  themselves  entirely  and  without  compensation  to  the  work  of 
the  district.  Very  commonly  the  expenses  incurred  during  the  per- 
formance of  these  services  were  paid  by  these  men  personally,  and 
were  not  charged  to  the  flood  prevention  fund.  These  are  but  typi- 
cal illustrations  of  a  spirit  that  has  been  in  evidence  from  the  be- 
ginning. 

The  Miami  Conservancy  District  is  notable  because  of  its  engi- 
neering features;  but  it  is  none  the  less  notable  as  an  example  of 
social  cooperation.  To  be  associated  with  this  undertaking  and  with 
the  people  who  have  supported  it  so  loyally,  has  been  a  rare  privi- 
lege, keenly  appreciated  by  the  members  of  the  engineering  staff 

of  the  district.  ARTHUR  E.  MORGAN, 

Chief  Engineer. 


Dayton,  Ohio,  October,  1917. 
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KIG-  1.— MAP  OF  THE  MIAMI  RIVER  DRAINAGE  AREA  SHOWING 
LOCATION  OF  PROPOSED  RETARDING  BASINS. 
The  towf  r  Miami  and  Mad  Rivers  lie  along  the  easterly  margins  of  their 
drainage  areas  at  the  foot  of  a  ridge  that  extends  unbroken  from  the  Ohio 
River  to  Springfield,  except  at  a  single  point  a  few  miles  above  Dayton, 
where  a  depression  in  the  ridge  marks  a  preglacial  course  of  the  Miami  River 
across  the  present  course  of  Mad  River.  Nearly  all  tributaries  enter  the 
main  river  from  the  west. 
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THE  MIAMI  VALLEY  AND 
THE  1913  FLOOD 

One  can  better  appreciate  the  significance  of  the  great  flood  of 
1913  if  he  has  in  mind  the  characteristic  features  of  the  Miami  Val- 
ley, and  of  its  development. 

When  the  boundaries  of  Ohio  were  being  fixed,  the  mouth  of 
the  Miami  River  was  determined  upon  as  the  southwest  corner  of 
the  state.  From  this  point  the  river  extends  northeasterly,  as 
shown  in  figure  1,  having  its  source  in  Logan  County,  just  west  of 
the  center  of  the  state.  With  its  tributaries  it  drains  5430  square 
miles  in  southwestern  Ohio  and  southeastern  Indiana.  The  Mi- 
ami Valley  is  about  120  miles  long,  and  varies  in  width  from  a 
quarter  of  a  mile  to  three  miles.  It  appears  as  a  flat  plain  fifty  to 
two  hundred  feet  below  the  general  elevation  of  the  adjacent  roll- 
ing country.  The  river  itself,  winding  back  and  forth  across  this 
flat  valley,  has  a  total  length  of  163  miles. 

Of  the  tributaries  from  the  west,  the  largest  is  the  Whitewater 
River,  draining  1480  square  miles  in  Indiana,  and  emptying  into 
the  Miami  so  near  its  mouth  as  almost  to  constitute  a  separate 
river  system.  Following  northward  up  the  west  side  of  the  river 
we  come  to  Indian  Creek  a  few  miles  below  Hamilton,  Four  Mile 
Creek,  a  flashy  stream  entering  at  Hamilton,  and  Twin  Creek  with 
its  outlet  just  below  Franklin.  Four  streams,  the  Miami,  Mad, 
Stillwater  Rivers  and  Wolf  Creek  unite  within  the  city  limits  of 
Dayton,  and  at  Piqua,  27  miles  north  of  Dayton,  the  Miami  is 
joined  by  Loramie  Creek. 

GEOLOGY 

The  Miami  Valley  gives  evidence  of  very  old  geological  forma- 
tions. Its  layers  of  limestone,  shale,  and  clay,  many  hundreds  of 
feet  thick,  were  deposited  on  an  ocean  bed  during  those  early  geo- 
logic periods  known  as  the  Ordovician  and  Silurian,  when  the 
highest  forms  of  life  were  shellfish,  crustaceans,  and  primitive  fish 
like  animals.  In  the  limestone  rocks  of  the  region  are  numberless 
fossils  of  brachiopods,  corals,  trilobites,  and  other  forms  of  marine 
life  of  that  early  time.  The  various  formations  are  classified  as  fol- 
lows : 
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SOUTHWESTERN  OHIO  GEOLOGICAL  SCALE 
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NOTE. — *  Indicates  formation  not  found  locally. 
(  )  Indicates  name  frequently  used  locally. 

Long  ages  later,  just  before  the  period  of  the  glaciers,  the  sur- 
face of  southwestern  Ohio  probably  was  similar  to  the  present  sur- 
face of  northeastern  Kentucky.  High,  narrow,  and  steep  ridges  al- 
ternated with  deep  gullies.  The  top  soil  had  been  so  thoroughly 
leached  out  by  rain  that  it  was  not  very  fertile.  Just  as  the  present 
surface  of  northeastern  Kentucky,  made  up  of  these  deep  gullies 
and  steep  hillsides,  is  not  well  adapted  to  agriculture,  so  south- 
western Ohio  in  that  preglacial  time,  would  have  been  a  poor  farm- 
ing region.  Then  came  the  age  of  the  glaciers,  when  a  great  cap  of 
ice,  covering  the  polar  regions  and  creeping  slowly  as  do  the  Alas- 
kan glaciers  of  today,  flowed  toward  the  south,  reaching  at  one 
time  approximately  to  the  Ohio  River.  This  great  ice  sheet,  many 
thousands  of  feet  thick,  slowly  but  resistlessly  dug  out  the  basins 
of  the  Great  Lakes,  ground  down  the  hill  tops,  filled  the  river  val- 
leys, and  greatly  changed  the  appearance  of  the  region  which  is 
now  the  Miami  Valley.  The  lowering  of  the  hill  tops,  the  filling 
of  the  valleys,  and  the  grinding  up  of  the  limestone  rock  which  now 
forms  our  fertile  soil,  all  served  to  endow  the  region  with  just  the 
qualities  needed  for  agriculture ;  but  this  same  action  helped  to 
create  conditions  which  make  disastrous  floods  possible  on  the 
streams  of  southern  Ohio  and  Indiana. 

The  ice  age  did  not  end  suddenly.  There  were  warm  periods 
when  the  glaciers  retreated  many  miles  to  the  north,  or  wholly  dis- 
appeared ;  and  then  again,  with  a  change  to  a  colder  era,  they 
would  push  forward,  regaining  some  of  their  lost  ground.  But 
when  throughout  a  long  period  the  general  tendency  was  toward  a 
warmer  climate,  each  advance  of  the  ice  sheet  fell  short  of  the  last, 
until  now  it  has  retreated  to  Greenland,  Alaska,  and  the  polar  is- 
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lands.  During  an  advance  the  irregular,  protruding  ends  of  the 
glaciers  pushed  to  the  sides  and  ahead  of  them  great  accumulations 
of  boulders,  gravel,  and  powdered  rock,  now  known  as  moraines. 
Following  the  line  of  least  resistance  toward  the  south,  the  glaciers 
scoured  deeper  and  wider  the  river  channels  through  the  limestone 
hills,  channels  which  in  many  cases  were  wholly  or  partially  filled 
again  with  ground-up  rock  and  gravel  as  the  ice  retreated. 

These  alternate  advances  and  retreats  did  not  always  follow  the 
same  paths.  A  river  valley  enlarged  by  one  glacial  advance,  and 
by  water  from  the  melting  ice  during  its  retreat,  would  be  filled  up 
and  perhaps  obliterated  by  a  later  advance  from  another  direction. 
Thus  it  appears  that  the  Miami  River  at  one  time  flowed  south 
through  the  valley  of  Mosquito  Creek,  near  Sidney,  and  into  the 
Mad  River ;  and  that  at  another  time  it  ran  southeasterly  along  the 
present  course  of  Honey  Creek,  north  of  Dayton,  through  a  valley 
that  was  later  obliterated  by  glacial  drift,  across  the  Mad  River 
valley  near  Osborn,  and  into  the  Little  Miami. 

It  was  the  work  of  these  glaciers  in  digging  out  and  partially 
filling  again  the  valleys  carved  in  the  limestone  rock,  and  in  piling 
up  great  mounds  of  drift  along  their  sides,  which  has  left  the  val- 
leys of  the  Miami  River  and  its  tributaries  susceptible  to  frequent 
flooding,  but  also  with  unusually  favorable  locations  for  the  con- 
struction of  reservoirs  or  retarding  basins. 

The  present  Miami  River  is  a  puny  descendant  of  the  glaciers 
that  dug  great  gorges  through  the  limestone  rock,  and  of  the 
mighty  river  formed  by  the  melting  of  the  ice  sheet.  It  wanders 
aimlessly  back  and  forth  through  what  we  choose  to  call  its  valley, 
a  mere  thread  of  a  stream  that  has  dug  for  itself  a  narrow  channel 
in  the  half  obliterated  bed  of  its  great  ancestor.  At  only  a  few 
times  during  a  century,  when  a  rare  combination  of  the  elements 
results  in  most  unusual  rainfall,  does  the  river  again  for  a  few  brief 
hours  fill  its  prehistoric  banks  and  rise  to  the  measure  of  its  ancient 
majesty.  Whether  the  long  glacial  epoch  is  finally  ended,  or 
whether  the  present  age  is  simply  an  interval  between  two  of  the 
repeated  advances  of  the  great  ice  sheet,  we  do  not  know.  Recorded 
history  covers  too  short  a  period  to  furnish  a  measure  of  these  slow 
changes.  The  gradual  shifting  of  great  centers  of  civilization  from 
the  tropics  toward  the  northern  latitudes  during  thousands  of  years 
is  a  faint  indication  of  gradual  changes  toward  a  warmer  climate. 

CLIMATE 

As  a  result  of  its  geographical  situation,  the  climate  of  Ohio 
tends  to  be  a  favorable  mean  between  those  extreme  variations 
which  prevail  along  the  borders  of  the  coimtry,  east  and  west,  north 
and  south. 

Sunshine,  rainfall,  and  temperature  are  controlling  factors  in  the 
development  of  a  country ;  not  only  by  determining  the  growth  of 
agricultural  products,  but,  of  perhaps  greater  import,  by  their  in- 
fluence upon  the  energies  of  men  and  upon  the  varied  and  manifold 
activities  which  unite  to  constitute  a  modern  complex  civilization. 
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It  means  much  to  the  destiny  of  Ohio  that  her  climate  is  closely 
similar  to  that  of  the  very  limited  portions  of  the  north  temperate 
zone  which  have  produced  the  greatest  modern  civilizations.  In  the 
latitude  of  Ohio,  the  ideal  rainfall  for  agriculture  is  from  35  to  45 
inches  annually,  distributed  fairly  uniformly  throughout  the  crop 
growing  season.  Rainfall  in  the  Miami  Valley  closely  approxi- 
mates these  conditions,  and,  combined  with  about  240  days  with 
sunshine  during  the  average  year,  insures  a  generally  high  average 
production  of  crops.  The  mean  summer  temperature  is  about  74 
degrees  Fahrenheit,  on  unusually  hot  days  reaching  100  degrees. 
The  mean  winter  temperature  is  about  31  degrees,  10  or  more  de- 
grees below  zero  being  occasionally  recorded. 

By  reason  of  its  central  location  this  region  avoids  the  raw  humid 
winds  of  the  Atlantic  seaboard,  the  disastrous  tropical  hurricanes  of 
the  Gulf  coast,  the  arid  conditions  of  the  western  plains,  and  the 
extreme  cold  of  the  northern  winters.  Average  summer  temper- 
atures are  five  or  ten  degrees  higher  than  those  which  would  give 
the  maximum  of  physical  comfort  and  efficiency.  There  is  suffi- 
cient annual  range  of  temperature  to  produce  to  perfection  most  of 
the  temperate  zone  crops,  and  to  obtain  in  high  degree  the  tonic 
effect  on  the  health  of  a  considerable  seasonal  change  of  weather. 

The  storms  which  occur  over  the  eastern  United  States  move 
across  the  country  in  a  general  direction  from  west  to  east.  They 
usually  avoid  crossing  mountains,  and  hence  in  this  locality  gen- 
erally move  in  a  northeasterly  direction  somewhat  parallel  to  the 
Appalachian  Mountains.  On  this  account  an  unusual  number  cross 
the  state  of  Ohio.  Not  only  de  we  have  storms  coming  from  the 
west  and  northwest  but  also  many  that  come  up  from  the  south- 
west follow  the  general  direction  of  the  Ohio  River  valley.  The  fre- 
quency of  storms  together  with  the  rolling  nature  of  the  topog- 
raphy which  conduces  to  a  rapid  rate  of  storm  runoff,  naturally 
subject  this  region  to  more  extreme  flood  conditions  than  exist  in 
much  of  the  region  to  the  north  and  east. 

SETTLEMENT  OF  THE  MIAMI  VALLEY* 

Throughout  the  Miami  Valley  are  numerous  mounds  and  em- 
bankments marking  the  occupation  of  the  country  by  a  prehistoric 
people,  commonly  known  as  the  Mound  Builders.  (See  figure  2.) 
Whether  these  were  a  separate  race  of  people,  or  simply  some  of  the 
many  tribes  of  Indians  which  from  time  to  time  displaced  each 
other  in  possession  of  the  country,  we  do  not  know.  The  remains 
of  arrow  heads  and  pottery  they  left  behind  do  not  indicate  a  cul- 
ture much  in  advance  of  that  of  the  later  indians.  When  the  val- 
ley first  became  known  to  white  men  it  was  in  control  of  a  number 
of  tribes  belonging  to  the  Algonquian  family,  the  Miamis  or  Tight- 
wees,  who  had  immigrated  from  Michigan,  being  in  control  of  the 

♦The  data  for  these  notes  is  taken  from:  "Sketch  of  the  History  of 
Dayton,"  by  M.  E.  Curwen,  1850;  Edgar's  "Pioneer  Life  in  Dayton  and 
Vicinity,"  1896;  Steele's  "Early  Dayton,"  1895;  Crew's  "History  of  Dayton," 
1889;  and  from  the  publications  of  the  Ohio  Archaeological  and  Historical 
Society. 
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confederation.  "Miami"  is  an  indian  name  signifying  "mother," 
The  group  of  Miami  villages,  on  the  present  site  of  Piqua,  at  one 
time  had  about  six  thousand  inhabitants,  and  was  one  of  the  most 
important  indian  settlements  east  of  the  Mississippi.  About  1740 
the  Shawnees,  moving  north  from  Florida,  joined  this  group. 


FIG.  2.— INDIAN  MOUND  NEAR  MIAMISBURG. 
This  prehistoric  structure  is  one  of  a  number  of  earth  mounds  built  by 
Indians  or  Mound  Builders.    Its  sides,  after  centuries  of  weathering  without 
care,  still  are  steeper  than  those  of  the  proposed  earth  dams  of  the  Miami 
Conservancy  District. 

In  1751  an  Englishman  named  Gist  visited  the  villages  of  the 
Tightwee  or  Miami  Indians  at  the  present  site  of  Piqua,  and  wrote 
an  account  of  his  journey.  A  number  of  white  traders  were  then 
living  in  the  Piqua  villages.  He  reported  that  the  country 
abounded 

with  turkeys,  deer,  elk,  and  most  sorts  of  game,  particularly  buflaloes. 
thirty  or  forty  of  which  are  frequently  seen  feeding  in  one  meadow;  in  short, 
it  wants  nothing  but  cultivation  to  make  it  a  most  delightful  country.  The 
land  upon  the  Great  Miami  is  rich,  level,  and  well  timbered— some  of  the 
finest  meadows  that  can  be.  The  grass  here  grows  to  a  great  height  in  the 
clear  Relds,  of  which  there  are  a  great  number,  and  the  bottoms  are  full  of 
white  clover,  wild  rye,  and  bluegrass. 

According  to  tradition,  as  recorded  in  various  histories  of  Day- 
ton, long  before  the  valley  was  visited  by  white  men,  the  country 
lying  between  the  Great  Miami  and  the  Little  Miami,  bounded  on 
the  south  by  the  Ohio  and  on  the  north  by  the  Mad  River,  was  kept 
as  a  preserve  and  used  only  as  a  hunting  ground.    It  furnished  in- 
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dian  war  parties  as  well  as  indian  villages  with  food,  and  when  the 
braves  were  on  the  warpath,  hunters  were  sent  into  this  preserve 
for  game  and  fish.  Probably  there  have  been  no  permanent  indian 
dwellings  on  this  land  since  1700. 

Sometime  before  1800  the  country  was  visited  by  one  James 
Smith,  who  made  his  way  to  the  little  settlement  of  Hamilton, 
thirty-five  miles  from  the  mouth  of  the  river.  His  observations 
have  been  preserved.* 

Within  about  9  or  10  miles  of  Hamilton,  the  lands  I  think  are  the  richest 
I  ever  saw.  The  growth  is  mostly  walnut,  sugar  trees,  etc.,  tied  together  by 
clusters  of  grapevines,  which  in  this  country  grow  amazingly  large.  From 
this  to  Hamilton  is  the  most  beautiful  level  that  ever  my  eyes  beheld;  the 
soil  is  rich,  free  from  swampy  or  marshy  ground,  and  the  growth  mostly 
hickory. 

Near  Hamilton  we  saw  several  pararas,  as  they  are  called.  They  are 
large  tracts  of  fine,  rich  land  without  trees,  and  producing  as  fine  grass  as 
the  best  meadows.  From  Hamilton,  down  the  Miami  valley  to  the  Ohio, 
the  lands  exceed  description.  Indeed  this  country  of  all  others  that  ever  I 
saw,  seems  best  calculated  for  earthly  happiness.  If  you  have  a  desire  to 
raise  great  quantities  of  corn,  wheat,  or  other  grain,  here  is  perhaps  the  best 
soil  in  the  world  inviting  your  industry.  If  you  prefer  the  raising  of  cattle 
or  feeding  large  flocks  of  sheep,  here  the  beautiful  and  green  parara  excites 
your  wonder  and  claims  your  attention.  If  wearied  with  toil,  you  seek  the 
bank  of  the  river,  as  a  place  of  rest,  here  the  fishes  sporting  in  the  limpid 
stream  invite  you  to  cast  in  your  hook,  and  draw  forth  nourishment  for 
yourself  and  family.  The  most  excellent  fowl  perch  in  the  trees  and  flutter 
in  the  waters,  while  these  immense  woods  produce  innumerable  quantities 
of  the  most  excellent  venison.  Amidst  this  rich,  this  pleasing  variety,  he 
must  be  undeserving  the  name  of  man,  who  will  want  the  common  comforts 
of  life. 

About  1750  the  English  built  a  fortified  trading  post  called  Pick- 
awillany  near  the  site  of  the  Lockington  Dam,  this  being  the  first 
white  settlement  in  Ohio.  It  was  destroyed  in  1752  by  the  French, 
and  all  the  inhabitants  were  killed.  No  other  white  settlements 
were  made  within  the  limits  of  the  state  until  after  the  Revolution- 
ary War.  For  the  next  fifty  years  the  ownership  of  the  Miami 
Valley  and  of  the  territory  to  the  northwest  was  disputed  by  Span- 
ish, French,  British,  Indians,  and  Americans.  One  after  another  the 
claimants  were  eliminated  in  the  order  named  above,  until  about 
the  beginning  of  the  last  century  the  territory  became  definitely 
established  as  a  part  of  the  United  States,  though  final  rights  were 
not  secured  from  the  indians  until  several  years  later.  A  permanent 
settlement  was  first  made  at  Marietta  in  1788,  and  at  Cincinnati 
about  a  year  later. 

In  July,  1787,  Congress  authorized  the  sale  of  land  in  the  north- 
west territory  in  tracts  of  not  less  than  one  million  acres.  A  month 
later  John  Cleves  Symmes  made  application  for  the  purchase  of  the 
land  between  the  Great  Miami  and  Little  Miami  Rivers,  and  im- 

^  Ohio  Archaeological  and  Historical  Society  Publications,  Volume  XVI. 
page  .380. 
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mediately  began  selling  land.  In  June,  1789,  Benjamin  Stites,  who 
first  drew  Judge  Symmes'  attention  to  this  region,  bought  from  him 
for  John  Stites  Gano,  William  Goforth,  and  himself  "the  whole  of 
the  seventh  range  of  lands"  and  immediately  prepared  plans  for  a 
town  on  the  present  site  of  Dayton,  to  be  called  Venice.  Judge 
Symmes  never  completed  his  purchase  from  the  government,  and 
because  of  this  and  of  indian  troubles,  the  undertaking  failed. 

After  General  Wayne  had  decisively  defeated  the  indians  on  the 
Maumee  River,  and  after  the  resulting  treaty  of  Greenville  on  Aug- 
ust 20,  1795,  four  men  contracted  with  Judge  Symmes  for  the  pur- 
chase **of  the  7th  and  8th  ranges  between  the  Miami  Rivers."  The 
designation  "between  the  Miami  Rivers"  is  still  applied  to  these 
lands  in  legal  transfers.  The  men  in  this  group  were  General  Jona- 
than Dayton,  afterward  Senator  from  New  Jersey,  General  Arthur 
St.  Clair,  Governor  of  the  Northwest  territory.  General  James  Wilk- 
inson of  Wayne's  Army,  and  Colonel  Israel  Ludlow  of  New  Jersey. 
They  employed  Daniel  C.  Cooper  to  be  their  agent.  Cooper's  first 
duty  was  to  survey  and  mark  a  road  from  Fort  Hamilton  to  the 
mouth  of  Mad  River.  On  November  4,  1795,  Israel  Ludlow  and  a 
party  of  surveyors  laid  out  a  town  at  the  mouth  of  Mad  River,  nam- 
ing it  Dayton  after  Jonathan  Dayton.  In  the  Spring  of  1796,  Cooper, 
Edgar,  and  Holt  came  to  Dayton  to  make  it  their  permanent  home. 
With  them  were  sixteen  other  men.  Cooper  built  a  small  cabin  on 
the  present  site  of  the  Conservancy  Building,  and  Colonel  George 
Newcomb  built  a  log  cabin  on  Monument  Avenue,  using  it  until 
the  "finest  house  in  Dayton"  could  be  completed  for  him  at  the 
corner  of  Main  Street  and  Monument  Avenue.  This  "finest  house" 
was  the  east  end  of  the  log  cabin  now  standing  opposite  the  Con- 
servancy Building  on  the  river  bank,  and  consisted  of  two  rooms. 
After  the  west  half  was  added  in  1798  the  house  was  so  much  su- 
perior to  any  other  in  town  that  it  served  for  many  years  as  tavern, 
store,  dwelling,  courthouse,  and  jail. 

When  Judge  Symmes  failed  to  complete  the  purchase  of  land 
between  the  Miami  Rivers,  Congress  passed  an  act  by  which  any- 
one who  had  a  contract  with  him  was  enabled  to  purchase  a  limited 
amount  at  two  dollars  per  acre.  Daniel  C.  Cooper  purchased  several 
hundred  acres,  became  proprietor  of  the  city,  and  at  once  set  about 
to  develop  water  power  and  in  other  ways  to  advance  the  commun- 
ity.   By  1800  he  had  a  saw  mill  and  a  grist  mill  in  operation. 

The  first  election  in  the  township  of  Dayton  was  held  in  1802, 
the  township  being  then  in  "Hamilton  County,  Territory  of  the 
United  States  Northwest  of  the  Ohio  River."  Dayton  township  at 
first  covered  6300  square  miles,  but  in  1805  the  legislature  incor- 
porated the  township  with  approximately  its  present  limits.  Ohio 
was  made  into  a  state  in  1802,  and  at  the  first  session  of  the  state 
legislature  in  1803  Hamilton  County  was  divided  and  Montgomery 
County  formed,  including  all  of  the  territory  of  9  present  counties, 
and  parts  of  4  others.  Dayton  was  chosen  as  the  county  seat.  The 
total  receipts  from  taxation  in  Montgomery  County  for  the  year 
1804  were  $373.96.  In  1807  Miami  County  was  formed  from  Mont- 
gomery County,  leaving  Montgomery  and  Preble  counties  as  one. 
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In  1810  Cincinnati  had  a  population  of  2320,  and  Dayton  383.  The 
population  of  Montgomery  County  in  1810  was  7722,  and  the  re- 
ceipts from  taxes  that  year  were  $1644. 

During  this  early  period  the  Miami  River  was  used  for  water 
transportation.  One  of  the  parties  which  came  to  Dayton  in  1796 
made  the  trip  from  Cincinnati  in  a  boat  called  a  pirogue.  The  first 
flat  boat  to  go  down  the  river  was  launched  in  1799,  being  loaded  at 
Dayton  with  grain,  pelts,  and  500  venison  hams.  It  made  the  trip 
during  the  spring  freshets  and  arrived  safely  at  New  Orleans.  As 
was  the  case  with  other  similar  ventures,  the  boat  and  cargo  were 
sold  at  New  Orleans,  the  owner  returning  on  horseback.  As  these 
traders  on  the  long  homeward  trail  through  the  forests  brought  back 
in  their  saddle  bags  the  entire  proceeds  of  the  voyage,  the  return 
trails  along  the  river  banks  were  infested  with  highwaymen.  Tra- 
dition has  it  that  these  robbers  commonly  murdered  their  victims 
in  cold  blood,  this  being  the  easiest  way  to  prevent  knowledge  of 
their  crimes  from  spreading. 

The  earliest  Dayton  newspapers  which  have  been  preserved 
show  that  in  1809  there  was  much  complaint  that  brush  dams  and 
fish  baskets  were  impeding  navigation.  Conflicts  were  frequent 
between  boatmen  and  the  owners  of  dams  and  fish  traps,  but  water 
transportation  on  the  river  continued  until  1829.  In  March,  1826, 
a  fleet  of  30  or  more  boats  went  down  the  river,  most  of  them  reach- 
ing New  Orleans  in  safety.  The  last  boat  to  leave  Dayton  for  New 
Orleans  was  in  February,  1828,  though  boats  were  run  north  to 
Piqua  until  1836. 

In  1825  the  state  legislature  passed  a  law  authorizing  the  con- 
struction of  a  canal  from  Dayton  to  Cincinnati.  Work  was  begun 
in  1825,  and  the  canal  was  opened  to  use  in  January,  1829.  The 
success  of  the  Miami  Canal  at  once  created  a  demand  for  its  ex- 
tension to  Lake  Erie.  In  May,  1828,  the  National  Congress  gave 
to  Ohio  500,000  acres  of  land  to  be  sold  at  $2.50  per  acre  or  more 
for  payment  of  the  canal  debt.  Early  in  1830  the  state  legislature 
authorized  plans  and  estimates  for  the  extension,  and  work  was 
begun  in  1831.  The  waterway  was  opened  through  from  the  Ohio 
River  to  Lake  Erie  in  1845.  For  about  25  years  the  canal  was  one  of 
the  chief  means  of  transportation,  and  it  contributed  very  greatly  to 
the  development  of  the  Miami  Valley.  It  fell  into  complete  disuse 
for  navigation  with  the  extension  of  railroads  over  the  state.  The 
accompanying  illustration,  figure  3,  of  a  location  near  Miamisburg 
shows  five  methods  of  transportation,  by  river,  highway,  canal,  elec- 
tric traction,  and  steam  railroad,  running  parallel  and  within  a 
space  of  200  feet.  The  chief  contribution  of  the  Miami  Valley  to 
the  world's  methods  of  transportation,  the  aeroplane,  does  not  ap- 
pear in  this  picture. 

POPULATION  AND  INDUSTRIES 

The  industries  of  any  community  are  in  eflfect  a  development  of 
its  raw  materials  and  of  its  other  natural  resources.  New  England 
industries  originated  to  a  large  extent  with  the  development  of 
waterpower;  Pittsburgh  is  explained  by  the  occurrence  in  that  lo- 
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cality  of  both  iron  and  coal ;  Boston,  New  York,  and  Philadelphia 
were  made  possible  by  natural  harbors.  In  contrast  with  these,  the 
Miami  Valley  lacks  coal,  iron,  forests,  large  waterpowers,  and 
harbors.  Yet  in  no  other  section  of  the  United  States,  excepting 
Massachusetts  and  Connecticut  and  the  Mohawk  Valley  of  New 
York,  is  there  such  an  extensively  varied  manufacturing  develop- 
ment. The  valley  produces  three  quarters  of  the  world's  supply  of 
safes  and  vaults,  though  the  iron  for  their  manufacture  and  the  coal 
used  for  fuel  must  be  brought  from  outside.  Against  the  same 
handicaps  her  soft  iron  castings  and  rust  resisting  ingot  iron  prod- 
ucts are  finding  their  way  into  all  parts  of  the  country.  The  various 
companies  making  automatic,  cash,  recording,  and  fare  registers 
produce  about  three  quarters  of  the  world's  supply,  though  all  of 
the  material  must  be  shipped  into  the  valley.  The  valley's  paper 
mills  produce  1,000  tons  a  day,  nearly  all  being  of  the  finer  grades. 
This  is  a  twenty-fifth  part  of  the  entire  world's  supply,  though  here, 
too,  the  raw  materials  must  be  shipped  in. 

What  are  the  conditions  which  have  produced  here  many  hun- 
dreds of  factories,  nearly  all  representing  the  transformation  of  raw 
materials  from  other  regions  into  a  great  variety  of  developed  prod- 
ucts ?  Cheap  power  has  been  a  factor,  for  while  there  are  no  mines 
in  the  Miami  Valley,  the  Ohio  and  West  Virginia  coal  fields  have 
supplied  fuel  at  a  cost  during  normal  periods  of  less  than  $2.00  per 
ton.  The  production  of  fine  grades  of  paper  would  be  impossible 
without  the  abundant  underground  supply  of  pure  water,  free  from 
iron  stain ;  and  the  location,  midway  between  Chicago  and  the  large 
eastern  and  northern  cities  not  only  makes  available  an  abundant 
supply  of  rags  for  paper  making,  but  also  furnishes  convenient 
markets  for  the  finished  products.  The  very  fertile  soil,  by  making 
the  region  largely  self-sustaining  in  its  food  supply,  tends  to  keep 
down  the  cost  of  living. 

Y'et  none  of  these  conditions,  nor  all  of  them  together,  explain 
the  wide  range  and  wonderful  variety  of  the  highly  specialized  man- 
ufacturers. Most  or  all  could  be  duplicated  elsewhere.  The  indus- 
trial development  of  the  Miami  Valley  rests  on  the  possession  of 
still  greater  resources ;  for  in  the  production  of  iron  of  exceptional 
purity,  of  delicate  scales  and  recording  machines,  of  complicated 
electrical  devices,  and  other  highly  specialized  products,  the  de- 
termining raw  materials  are  not  iron  and  brass,  but  human  energy, 
persistence,  and  intelligence.  To  the  stranger  who  makes  his  home 
in  the  Miami  Valley  there  comes  gradually  a  consciousness  that 
here  is  not  simply  a  replica  of  the  usual  American  community.  To 
the  keen  observer  the  population  of  the  valley  is  distinctly  charac- 
teristic; not  through  peculiarities  of  speech  or  manner,  but  rather 
in  initiative;  in  the  habit  of  undertaking,  and  of  pursuing  with  a 
patient,  intelligent  persistence  whatever  object  seems  worth  while. 
This  characteristic  gives  a  variety  and  wealth  to  the  physical  and  to 
the  higher  resources  of  the  valley  which  makes  this  region  one  of 
the  great  assets  of  America. 

The  earliest  settlers  were  men  and  women  who  braved  every 
hardship  to  found  new  communities  in  the  wilderness.    For  nearly 
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half  a  century  before  the  civil  war  the  population  of  the  valley  was 
increased  by  southern  men  who  were  opposed  to  slavery,  and  who, 
for  that  reason  moved  from  Virginia  and  Kentucky  to  Ohio.  When 
the  German  struggle  for  a  free  government  failed  in  the  forties, 
many  men  and  women,  despairing  of  winning  liberty  at  home, 
sought  it  in  America,  and  the  wonderful  record  of  the  Miami  Valley 
in  industry,  thrift,  and  perseverance  is  to  no  small  extent  due  to  the 
German  families  that  chose  it  for  a  new  home,  and  to  their  friends 
who  followed  during  the  next  generation. 

The  Miami  Valley  was  settled  by  men  of  the  pioneer  spirit. 
When  the  opportunity  for  subduing  the  wilderness  had  passed, 
these  people  became  pioneers  in  industry,  invention,  and  in  civic 
development.  If  it  is  true  that  the  Anglo-Saxon  is  gifted  with 
ability  for  keen  insight  into  new  fields  of  thought,  while  the  Teuton 
makes  a  substantial,  orderly,  and  honorable  business  out  of  life, 
then  the  intermingling  of  the  best  of  these  two  races  in  the  Miami 
Valley  may  explain  in  part  this  individuality. 

If  present  tendencies  continue,  the  valley  will  long  stand  out  as 
one  of  those  rare  communities  where  coarse  raw  materials  are 
mixed  with  brains  to  form  the  highly  specialized  products  of  our 
industrial  life,  and  where  new  ground  is  broken  in  the  field  of 
thought.  To  fulfill  this  destiny  it  is  of  paramount  importance  that 
the  valley  be  made  secure  from  recurrences  of  disasters  like  that  of 
the  1913  flood.    The  protection  of  the  Miami  Valley  is  worth  while. 

• 

FLOODS  IN  THE  MIAMI  VALLEY 

As  Ohio  cities  began  their  existence  when  water  transportation 
was  essential  to  commerce,  practically  every  large  city  in  the  state 
is  located  on  a  river  or  on  the  shore  of  Lake  Erie ;  and  as  most  of 
the  rivers  lack  channels  large  enough  to  carry  the  water  of  great 
storms,  it  follows  naturally  that  Ohio  cities  have  a  long  record  of 
flood  experiences. 

Some  of  the  conditions  which  tend  to  produce  floods  are  always 
present  in  the  region  of  the  Miami  Valley.  The  rolling  country 
with  its  short,  steep  slopes  leading  to  innumerable  little  brooks  and 
gullies,  which  in  turn  empty  into  the  larger  streams,  tends  to  hurry 
the  rainwater  off  the  land  and  into  the  rivers.  The  soil,  a  mixture 
of  clay,  sand,  and  gravel,  is  sufficiently  dense  to  prevent  water  from 
sinking  into  it  rapidly  during  heavy  rains.  The  digging  of  more 
than  two  thousand  miles  of  ditches  and  drains  for  agricultural 
drainage  and  along  highways  and  railroads,  within  the  Miami 
watershed,  has  removed  innumerable  little  storage  reservoirs  over 
the  surface  of  the  land,  and  by  improving  the  overgrown  and  ob- 
structed paths  of  the  water,  has  tended  to  hurry  it  much  more  rap- 
idly to  the  main  streams ;  while  the  cutting  of  the  forests,  with  the 
removal  of  the  surface  layer  of  leaves  and  mold,  probably  results 
in  a  similar  tendency.  The  paving  of  city  streets,  and  the  construc- 
tion of  sewers  would  also  hasten  the  flow  of  storm  water,  but  the 
areas  affected  by  city  improvements  are  so  small  that  their  effect  is 
negligible.     The  rivers  of  the  region  have  formed  for  themselves 
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natural  channels  of  only  sufficient  size  to  carry  the  usual  flow,  and 
as  the  flow  during  great  floods  is  many  times  as  great  as  that  of  or- 
dinary spring  freshets,  the  river  channels  fail  entirely  to  meet  ex- 
treme conditions.  Here  and  there  along  the  rivers  artificial  ob- 
structions have  been  created  which  to  a  greater  or  less  extent  in- 
terfere with  stream  flow,  and  the  construction  of  cities  in  the  valley 
hinders  the  free  passage  of  overflow  water.  The  levees  built  along 
the  winding  rivers  to  confine  the  flood  waters,  while  they  serve  the 
purpose  admirably  until  broken  or  overtopped,  thereafter  act  as 
submerged  dams. 

The  natural  channel  of  the  Miami  River  can  carry  only  about  10 
per  cent  of  the  flood  flow  of  March,  1913  (See  figure  4).  Frequent 
innundations  are  therefore  a  certainty.  The  floods  which  have 
been  experienced  since  the  days  of  first  settlement  can  be  described 
best  from  occurrences  at  Dayton,  since  records  there  are  longer  and 
more  definite  than  at  any  other  point  in  the  valley. 

The  Miami  Valley  was  first  settled  at  Dayton  in  1796,  and  the 
first  flood  of  record  occurred  in  March,  1805.  In  the  History  of 
Dayton,  published  by  the  United  Brethern  Publishing  House  in 
1889,  Robert  W.  Steele  gives  the  following  account  of  the  flood: 

March,  1805,  is  noted  as  the  date  of  the  first  great  flood  that  occurred 
here  after  the  settlement  of  the  town.  John  W.  Van  Cleve  gave  the  follow- 
ing interesting  account  of  this  flood  in  an  address  on  the  "Settlement  and 
Progress  of  Dayton,"  delivered  before  the  Dayton  Lyceum,  August  27,  1833, 
and  published  in  the  Journal: 

"In  the  spring  of  1805  Dayton  was  inundated  by  an  extraordinary 
rise  of  the  river.  In  all  ordinary  freshets,  the  water  used  to  pass  through 
the  prairie  at  the  east  side  of  the  town,  where  the  basin  now  is,  but  the 
flood  of  1805  covered  a  great  portion  of  the  town  itself.  There  were 
only  two  spots  of  dry  land  within  the  whole  place.  The  water  came  out 
of  the  river  at  the  head  of  Jefferson  Street,  and  ran  down  to  the  common 
at  the  east  end  of  Old  Market  Street,  in  a  stream  which  a  horse  could 
not  cross  without  swimming,  leaving  an  island  between  it  and  the  mill. 
A  canoe  could  be  floated  at  the  intersection  of  First  Street  with  St.  Clair, 
and  the  first  dry  land  was  west  of  that  point.  The  western  extremity  of 
that  island  was  near  the  crossing  of  Main  and  First  Streets,  from  whence 
it  bore  down  in  a  southern  direction  towards  where  the  saw  mill  now 
stands,  leaving  a  dry  strip  from  a  point  on  the  south  side  of  Main  Cross 
Street,  (now  Third  Street),  between  Jefferson  Street  and  the  prairie,  to 
the  river  bank  at  the  head  of  Main  Street.  Almost  the  whole  of  the  land 
was  under  water,  with  the  exception  of  those  two  islands,  from  the  river 
to  the  hill  which  circles  round  south  and  east  of  town,  from  Mad  River 
to  the  Miami.  The  water  was  probably  eight  feet  deep  in  Main  Street, 
at  the  court  house,  where  the  ground  has  since  been  raised  several  feet. 

In  consequence  of  the  flood,  a  considerable  portion  of  the  inhabitants 
became  strongly  disposed  to  abandon  the  present  site  of  the  town,  and 
the  proposition  was  made  and  urged  very  strenuously  that  lots  should 
be  laid  off  upon  the  plain  upon  the  second  rise  on  the  southeast  of  the 
town,  through  which  the  Waynesville  road  passes,  and  that  the  inhabi- 
tants should  take  lots  there  in  exchange  for  those  which  they  owned 


24  MIAMI  CONSERVANCY  DISTRICT 

upon  the  present  plat,  and  thus  remove  the  town  to  a  higher  and  more 
secure  situation.  The  project,  however,  was  defeated  by  the  unyielding 
opposition  of  some  of  the  citizens,  and  it  was  no  doubt  for  the  advan- 
tage and  prosperity  of  the  place  that  it  was. 

Sometime  afterwards  a  levee  was  raised  across  the  low  ground  at 
the  grist  mill,  to  prevent  the  passage  of  the  water  through  the  prairie  in 
freshets;  but  not  being  built  with  sufficient  strength  and  elevation,  the 
floods  rose  over  it  and  washed  it  away  several  times,  until  at  length  it 
was  made  high  and  strong  enough  to  resist  the  greatest  rises  of  water 
that  have  occurred  since  1805,  although  one  like  the  one  of  that  year 
would  still  pass  over  it.  The  last  time  it  was  washed  away  was  in 
August,  1814." 

At  an  early  day  a  levee  was  built  by  Silas  Broadwell  to  protect  the  west- 
ern part  of  the  town  from  the  overflow  of  the  annual  freshets.  The  levee 
began  at  Wilkinson  Street,  and  ran  west  a  considerable  distance  with  the 
meanderings  of  the  Miami.  D.  C.  Cooper  agreed  to  give  Silas  Broadwell 
certain  lots  in  the  vicinity  of  the  levee  in  payment  for  building  and  keeping 
it  in  repair. 

Mr.  Van  Cleve,  whose  account  is  here  quoted,  was  the  first 
white  person  born  in  Dayton,  in  June,  1807.  His  account,  there- 
fore, is  not  from  personal  memory,  but  as  he  was  perhaps  the  best 
educated  man  in  the  city,  and  was  much  given  to  study  and  obser- 
vation in  geology,  botany,  and  other  scientific  subjects,  he  probably 
gave  an  accurate  record  of  this  occurrence.  At  the  time  Dayton 
was  settled,  there  was  a  gully  running  west  at  Third  and  Main 
Streets  which,  according  to  early  accounts,  must  have  been  more 
than  six  feet  deep.  It  is  therefore  difficult  to  judge  the  depth  of  the 
water  by  the  reference  to  this  point.  The  river  bank  at  the  head  of 
Jefferson  Street  has  also  been  raised  8  feet  or  more.  The  fact  that 
an  island  existed  at  Main  and  Jefferson  Streets  indicates  that  the 
water  was  about  7.5  feet  lower  than  in  1913.  During  the  1913  flood, 
a  stage  7.5  feet  below  the  crest  represented  a  discharge  of  about 
120,000  second  feet,  or  approximately  half  of  the  maximum  dis- 
charge. In  1810,  or  five  years  after  the  early  flood,  the  area 
now  covered  by  the  city  of  Dayton  was  described  as  being  a  hazel 
thicket.  Under  such  conditions  the  water  did  not  have  a  free  flow 
in  its  passage  down  the  valley.  Other  references  to  this  flood  are 
largely  repetitions  of  this  same  data. 

In  1814  the  Miami  overflowed  its  banks  at  Dayton  and  destroyed 
the  levee  built  just  after  the  1805  flood.  Van  Cleve  g^ves  the  fol- 
lowing data  as  to  its  depth,  from  which  it  would  appear  that  the 
water  did  not  rise  as  high  as  in  1805. 

The  water  was  deep  enough  to  swim  a  horse  where  the  warehouses 
stand,  at  the  head  of  the  basin,  and  a  ferry  was  kept  there  for  several  days. 
The  water  also  at  that  time  passed  through  with  a  considerable  current  from 
the  head  of  Jefferson  to  the  east  end  of  Market  Street,  and  through  the 
hollows  in  the  western  part  of  the  town;  and  the  plain  through  which  the 
feeder  passes,  east  of  the  mill  race,  was  nearly  all  under  water. 
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On  January  8,  1828,  the  rivers  were  in  flood,  breaking  or  passing 
around  all  the  small  levees  that  had  been  built  up  to  that  time. 
Considerable  damage  was  caused,  small  bridges  were  carried  away, 
and  a  warehouse  at  the  head  of  Wilkinson  Street  was  destroyed. 

In  February,  1832,  another  flood  occurred  as  high  as  that  of 
1828.  This  flood  washed  out  the  middle  pier  of  the  Bridge  Street 
(Dayton  View)  bridge. 

The  following  regarding  the  flood  of  January  2,  1847,  is  quoted 
from  a  short  history  of  Dayton  by  M.  E.  Curwen,  published  in 
O'Dell's  Dayton  Directory  and  Business  Advertiser,  dated  1850. 

I  have  now  to  do  an  act  of  justice  to  Dayton  by  stating  the  extent  of  the 
flood  here,  on  the  second  of  January,  1847.  It  has  been  so  grossly  exagger- 
ated, that  I  have  thought  it  worth  while  to  give,  in  the  accompanying  dia- 
gram, an  exact  representation  of  that  portion  of  the  town  plat,  west  of  the 
Canal  Basin,  which  was  inundated.  The  submerged  portions  of  it  are 
marked  in  black.  From  this  it  will  be  seen,  that  not  one-fifth  of  the  whole 
town  plat  was  overflowed;  and  from  the  levelness  of  the  ground,  every  one, 
who  has  seen  Dayton,  will  observe,  that  on  much  of  that  which  was  covered, 
the  water  could  not  have  been  more  than  a  few  inches  in  depth. 

The  river  had  been  rising  for  several  days;  and  on  the  1st,  the  principal 
merchants,  along  the  Canal  Basin,  thought  it  prudent  to  raise  their  goods 
to  the  second  story,  in  anticipation  of  any  accident  that  might  happen  to  the 
levee,  which  was  then  new  and  not  yet  settled.  A  few  minutes  after  mid- 
night, the  insignificant  outer  levee,  that  had  for  years  been  neglected  and 
weakened  by  earth  being  hauled  from  it  to  fill  up  house  yards  and  roads, 
gave  way,  near  Bridge  Street,  and  the  inner  levee,  being  insufficient  to  with- 
stand the  torrent  suddenly  rushing  upon  it,  and  rising  in  a  breast  two  feet 
above  it,  soon  after  fell  in.  A  breach  once  made,  the  waters  rose  rapidly, 
filling  the  cellars  and  covering  the  ground  floors  of  houses  in  the  vicinity. 
At  one  o'clock  the  church  bells  rang  an  alarm.  A  crowd  of  men  with  boats 
and  on  horseback,  promptly  turned  out  to  rescue  those  who  lived  in  the  low 
grounds,  west  of  Perry  Street;  while  others  assembled  on  the  levee,  north 
of  Mill  Street,  with  shovels,  to  check  the  leakage  there.  The  water  had  by 
this  time  risen  nearly  to  the  top  of  the  bank;  and  the  work  was  soon  aban- 
doned as  hopeless.  A  small  party  passed  down  Kenton,  St.  Clair,  and  Stone 
Streets,  rousing  the  inhabitants  along  the  line  of  the  Basin,  and  advising 
them  to  move  their  valuables  into  the  second  story  of  their  houses.  The 
levee  gave  way  near  the  head  of  Mill  Street,  about  two  o'clock,  and  the 
water,  rushing  down  the  canal  basin,  gradually  rose  to  the  level  exhibited 
on  the  diagram,  which  is  taken  from  a  map,  made  by  John  W.  Van  Cleve, 
from  personal  observation,  at  the  time. 

In  the  course  of  the  night,  all  the  principal  citizens  opened  their  houses, 
lighted  fires,  and  offered  accommodations  to  those  whom  the  water  had  tem- 
porarily  rendered  homeless.  The  Council,  on  the  next  day,  voted  a  hand- 
some appropriation  to  relieve  the  wants  of  the  destitute. 

It  was  a  bright  moonlight  night,  and  the  air  was  calm  and  mild.  There 
was  not  a  life  lost,  nor  endangered,  nor  did  any  accident  happen,  during  that 
night,  nor  afterwards.  In  striking  contrast  with  the  truth,  it  was  represented 
abroad  that  one  hundred  and  fifty  persons,  at  least,  were  drowned;  that  the 
poor,  shivering  survivors  were  huddled  together  on  the  high  grounds,  wait- 
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ing  their  fate  in  agony;  that  people  were  rescued  in  boats  from  the  third 
stories  of  some  of  the  highest  buildings  in  town;  and  that  Dayton  was 
literally  in  ruins!  The  damage  was  moderately  estimated  at  a  million  and  a 
half, — a  sum,  by  the  way,  equal  to  half  of  all  the  personal  property  in  Mont- 
gomery County. 

From  the  most  accurate  information  that  could  be  collected,  the  loss  sus- 
tained by  private  individuals  in  Dayton  could  not  have  exceeded  $5,000;  and 
that  was  made  up  principally  in  the  inconvenience  occasioned  by  the  wet- 
ting of  carpets,  the  spoiling  of  such  family  stores  as  happened  -to  be  left  in 
the  cellars,  the  damage  to  fences  from  floating  drift  wood,  and  to  yards  by 
being  washed  by  the  torrent,  etc.  If  engineers  had  quietly  staked  off  the 
limits  to  which  the  waters  rose,  and  slowly  let  them  in  upon  the  town  to 
that  height,  for  some  public  design,  it  is  extremely  doubtful  whether  it  would 
have  excited  sufficient  attention  to  interrupt,  for  half  a  day,  the  usual  course 
of  business.  It  is  not  that  which  we  see,  but  that  which  we  apprehend  will 
come  after — evils,  bodied  forth  by  the  imagination,  but  which  never  happen — 
that  chiefly  excite  our  terror. 

A  levee  was  soon  after  constructed,  which  will  completely  secure  the 
lower  parts  of  town  from  any  such  catastrophe  for  the  future. 

It  is  very  evident  that  this  description  is  written  in  the  spirit  of 
apology  rather  than  from  the  attitude  of  a  disinterested  observer, 
l)ut  it  is  the  best  record  we  have. 

Heavy  rainstorms  starting  on  September  17,  1866,  and  lasting 
for  three  days,  caused  a  serious  flood.  The  levee  gave  way  east  of 
town  and  water  rushed  through  the  lower  parts  of  the  city,  back- 
water from  the  Miami  through  an  old  ditch  aiding  in  flooding  the 
southern  part.  It  was  recorded  that  the  water  was  one  foot  deep 
on  the  floor  of  the  Beckel  House  (Third  and  Jefferson)  and  four 
inches  deep  on  the  floor  of  the  Phillips  House  (Third  and  Main). 
All  railway  communication  was  cut  off,  and  the  losses  to  public  and 
private  property  were  estimated  at  $250,000.  After  this  flood,  the 
river  channel  was  widened  by  adding  a  span  to  the  Third  Street 
bridge  and  to  the  Bridge  Street  (Dayton  View)  bridge.  No  records 
have  been  found  of  the  rainfall  of  this  storm,  but  the  month's  rain- 
fall for  Urbana,  the  only  station  then  in  existence  on  the  drainage 
area,  was  the  highest  recorded  in  a  forty-three  year  record,  and 
higher  than  any  month's  record  on  the  drainage  area  since,  iDcing 
15.88  inches  as  against  10.53  inches  for  the  month  of  March,  1913. 

Assuming  that  the  record  of  the  single  station  is  representative, 
the  lower  stage  of  water  with  the  higher  rainfall  in  1866  as  com- 
pared with  1913,  could  be  explained  by  the  fact  that  in  1866  the 
swamp  lands  on  the  upper  watershed  were  not  drained,  and  con- 
stituted natural  storage  reservoirs,  and  also  to  the  fact  that  the 
flood  occurred  at  the  end  of  summer,  when  the  capacity  of  the  soil 
to  hold  water  naturally  would  be  greatest,  and  when  the  runoff 
would  be  only  half  or  two-thirds  as  much  as  would  result  from  a 
like  storm  in  March.  As  is  shown  conclusively  in  the  Report  deal- 
ing with  rainfall,  the  precipitation  of  summer  storms  is  very  apt  to 
include  extremely  heavy  precipitation  over  small  areas.  It  is  very 
probable  that  the  record  for  September,  1866,  at  Urbana  held  good 
for  only  a  very  limited  territory. 
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There  was  a  general  flood  in  the  Miami  on  February  3,  4,  and  5, 
1883,  the  danger  being  increased  by  the  large  amount  of  ice  in  the 
stream  at  Dayton.  The  water  did  not  quite  reach  the  high  water 
mark  of  1847,  and  was  2  feet  below  that  of  1866.  The  maximum 
stage  at  Dayton  was  about  19.1  feet  on  the  gage.  Wolf  Creek  rose 
to  an  unprecedented  height.  The  rivers  did  not  overtop  or  burst 
their  levees  at  any  point  in  Dayton,  but  all  of  the  low  lying  sections 
of  town  were  flooded  by  water  which  entered  through  the  flood 
gates  of  the  canal,  hydraulics,  and  sewers,  which  were  frozen  to 
their  bearings  and  could  not  be  shut.  The  water  was  22  inches 
deep  at  the  foot  of  Ludlow  Street.  After  this  flood,  the  levees  were 
strengthened  and  extended.  At  Piqua  and  Tippecanoe  the  river 
was  higher  than  at  any  previous  time  since  1866.  One  bridge  was 
washed  away  above  Troy. 

The  flood  was  caused  by  heavy  rains  lasting  about  thirty  hours, 
beginning  Friday  night,  February  2,  and  continuing  all  of  Saturday 
and  Saturday  night,  February  3.  These  rains  were  general  through- 
out Ohio  and  Indiana,  floods  of  great  magnitude  being  reported  at 
Cleveland,  Indianapolis,  Columbus,  and  at  points  in  Pennsylvania. 
On  February  15,  nearly  two  weeks  later,  the  Ohio  River  rose  to  a 
great  height  and  Cincinnati  and  Louisville  experienced  floods. 
Farther  to  the  west  and  north,  the  same  storm  that  caused  the  flood 
on  the  Miami  River  took  the  form  of  a  blizzard,  which  was  notable 
for  the  depth  of  snow  which  it  left  in  its  wake.  It  succeeded  a  very 
cold  spell  during  which  considerable  ice  formed  on  the  rivers.  The 
breaking  up  of  the  ice  gave  very  little  trouble  on  the  Ohio  streams, 
though  causing  large  ice  jams  in  the  Allegheny  River  and  other 
Pennsylvania  rivers.  The  only  references  to  ice  on  the  Miami  River 
found  in  the  daily  papers  tell  of  heavy  cakes  of  ice  which  were 
mixed  with  the  debris  coming  down  the  river,  and  which  damaged 
bridge  piers  and  levees. 

It  is  important  to  note  that  according  to  newspaper  accounts  the 
flood  crested  at  Dayton  at  1  lOO  a.  m.,  February  5,  1883,  while  Piqua 
reported  the  crest  at  2:00  a.  m.  and  Tippecanoe  at  2:30  a.  m. 
Springfield  reported  Mad  River  to  be  falling  at  2 :  10  a.  m.,  indicating 
that  there  also  the  crest  was  later  than  in  Dayton.  Wolf  Creek  be- 
gan to  recede  about  noon  on  February  4,  its  crest  being  13  hours 
ahead  of  that  on  the  Miami  River.  The  data  concerning  this  flood 
is  taken  from  the  Dayton  newspapers  of  that  date.  Just  a  year  later 
the  water  rose  to  within  1.5  feet  of  the  same  stage. 

On  May  12,  1886,  a  heavy  rainfall,  accompanied  by  a  shower  of 
hail,  occurred  generally  over  the  drainage  area,  being  especially 
heavy  on  Wolf  Creek.  The  southern  part  of  the  city  was  troubled 
by  the  collection  of  storm  water.  The  railway  embankment  across 
the  Wolf  Creek  valley  finally  gave  way,  washing  a  number  of 
houses  on  the  west  side  from  their  foundations  and  flooding  a  large 
part  of  that  section.  On  Fifth  Street,  from  Wayne  Avenue  to  Eagle 
Street,  the  water  covered  the  streets  and  sidewalks  for  nearly  the 
whole  distance.  Between  Wayne  and  Bainbridge,  and  on  Wayne 
from  Fifth  south  to  Burns,  the  water  was  about  2j^  or  3  feet  deep, 
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and  the  territory  bounded  by  Warren,  Buckeye,  Chestnut,  Wayne, 
and  Park  Streets,  was  entirely  submerged,  deep  enough  in  places 
to  swim  a  horse. 

On  March  6,  1897,  and  again  on  March  23,  1898,  there  were  se- 
vere floods.  The  Miami  in  both  years  broke  into  North  Dayton  at  a 
sharp  bend  which  has  since  been  cut  off,  and  flooded  all  the  low 
ground  in  that  section.  The  Riverdale  section  was  flooded  by  back- 
water through  the  gates  of  the  old  hydraulic  race  which  has  since 
been  removed.  Storm  water  collected  on  the  streets  in  the  lower 
parts  of  the  city,  flooding  a  number  of  low  spots  to  a  depth  of  sev- 
eral feet.  The  level  of  the  water  in  many  places  reached  the  top  of 
the  then  existing  levees  which  were  raised  about  three  feet  during 
the  next  year. 

More  definite  data  as  to  the  stages  of  early  floods  is  given  in 
Part  I  of  the  Official  Plan  of  the  District,  published  in  1916.  Figure 
5  shows  the  maximum  gage  heights  reached  at  Dayton  during  past 
floods. 
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-MAXIMUM  MIAMI  RIVER  STAGES  OF  11  FEET  AND 

ABOVE,  AT  DAYTON. 


Daily  gage  readings  of  the  Weather  Bureau  for  the  period  Dec.  22,  1892, 
to  Jan.  1,  1916,  and  fragmentary  early  records  were  used  in  the  construction 
of  this  diagram.  Crest  stages  marked  with  stars  were  estimated  from  hydro- 
graphs. 
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THE  FLOOD  OF  1913 

Permanent  conditions  of  topography,  soil,  etc.,  heretofore  de- 
scribed, were  as  definitely  causes  of  the  flood  as  were  others  more 
obvious  and  immediate,  which  existed  during  the  last  half  of  March, 
1913.  A  similar  rainfall  on  a  flat,  sandy  region  might  not  cause  a 
g^eat  flood  or  do  great  damage.  The  controlling  immediate  cause 
was  heavy  rainfall,  but  the  flood  was  greater  because  the  rain  came 
at  the  end  of  the  winter  season,  when  evaporation  was  slow  and  the 
ground  too  wet  to  take  up  readily  a  large  amount  of  water.  We 
realize  the  importance  of  evaporation  when  we  know  that  in  Ohio 
of  the  entire  rainfall  during  an  average  year,  only  a  third  runs  off 
into  the  rivers,  while  two  thirds  is  evaporated  into  the  air.  If  the 
storm  rainfall  of  March,  1913,  had  occurred  at  the  end  of  a  dry 
summer,  the  resulting  flood  would  not  have  been  nearly  so  dis- 
astrous. On  the  other  hand,  other  variable  conditions  might  have 
existed  to  increase  slightly  the  flow  of  water.  If  the  ground  had 
been  thoroughly  frozen,  the  runoff  probably  would  have  been  some- 
what greater,  and  if  there  had  been  a  heavy  accumulation  of  snow, 
this  would  have  melted  and  added  to  the  flood  flow.  As  about  nine- 
tenths  of  the  rainfall  ran  off  during  the  flood,  frozen  ground  would 
have  increased  the  flow  but  little.  There  were  no  failures  of  im- 
portant dams  or  manipulation  of  reservoir  gates  which  added  in  any 
material  way  to  the  volume  of  the  flood  flow. 

The  drainage  areas  of  the  Miami  River  at  various  points  and  of 
its  principal  tributaries  are  as  follows : 

Table  1. — Drainage  Areas  in  the  Miami  Valley 

MIAMI  RIVER  AND  TRIBUTARIES 

Square  Miles 

Miami  River  above  Lewistown  Reservoir 100 

Miami  River  at  Sidney 555 

Miami  River  at  Piqua  842 

Miami  River  at  Troy   908 

Miami  River  at  Taylorsville  Damsite  1,133 

Miami  River  above  Stillwater  River 1,162 

Miami  River  at  Dayton,  above  Wolf  Creek 2,525 

Miami  River  at  Dayton,  including  Wolf  Creek 2,598 

Miami  River  above  Twin  Creek 2,797 

Miami  River  at  South  Line  of  Hamilton :j,672 

Miami  River  at  Mouth  5,433 

Tawawa  Creek  at  Mouth 56 

Loramie  Creek  at  State  Dam 81 

Loramie  Creek  at  Lockington  Damsite  255 

Loramie  Creek  at  Mouth  262 

Honey  Creek  at  Mouth 89 

Wolf  Creek  at  Mouth 73 

Twin  Creek  at  Damsite 270 

Twin  Creek  at  Mouth 313 

Four  Mile  Creek  at  Mouth 322 
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STILLWATER  RIVER  AND  TRIBUTARIES 

Square  Miles 

Stillwater  River  above  Greenville  at  Covington 223 

Stillwater  River  at  Englewood  Damsite 651 

Stillwater  River  at  Mouth 674 

Greenville  Creek  at  Mouth 219 

Ludlow  Creek  at  Mouth 66 

MAD  RIVER  AND  TRIBUTARIES 

Square  Miles 

Mad  River  above  Buck  Creek 324 

Mad  River  at  Huffman  Damsite 671 

Mad  River  at  Mouth 689 

Buck  Creek  at  Mouth 164 

Weather  Immediately   Preceding  the   Flood 

Prior  to  Monday,  March  24,  no  conditions  existed  in  the  Miami 
Valley  which  were  interpreted  as  reasons  for  expecting  a  great  flood. 
However,  the  month  was  most  unusual  in  perturbed  weather  condi- 
tions. Such  atmospheric  disturbances  are  not  superficial  phe- 
nomena, but  represent  transfers  of  energy  in  amounts  inconceivably 
great.  For  instance,  simply  by  the  condensing  of  the  9.7  inches  of 
rairi  which  fell  during  5  days  on  the  comparatively  small  area  of 
3670  square  miles  of  the  Miami  River  watershed  above  Hamilton, 
enough  energy  was  released  to  supply  2,500,000  horsepower  24  hours 
a  day  continuously  for  a  hundred  years.  The  underlying  causes  of 
these  great  manifestations  of  energy  are  not  understood. 

On  the  13th  a  storm  center  formed  over  the  Rocky  ^fountains, 
developing  unusual  proportions  as  it  moved  eastward.  At  the  same 
time  the  southern  states  from  the  Mississippi  River  to  the  Atlantic 
Coast  were  visited  by  many  tornados  which  killed  numerous  people 
and  did  great  damage,  while  unusual  rainfall  caused  floods  in  many 
rivers.  In  South  Carolina,  Georgia,  and  Alabama  the  rainfall  for 
the  month  exceeded  that  of  any  March  on  record.  On  the  19th  and 
20th  a  second  storm,  forming  over  the  Rocky  ^fountains,  moved 
across  the  country,  passing  north  of  the  Great  Lakes.  At  the  same 
time  another  disturbance,  originating  in  the  southwest,  moved  rap- 
idly to  the  north,  becoming  a  storm  of  great  violence  over  the  Great 
Lakes,  attaining  velocities  of  80  to  100  miles  an  hour,  and  doing 
great  damage.  Europe  was  at  the  same  time  experiencing  similar 
disturbances,  and  on  the  18th  80  ships,  most  of  which  were  small, 
were  sunk  in  a  storm  near  Hamburg.  Germany.  On  the  21st  there 
were  again  destructive  tornados  in  the  southern  states  east  of  the 
Mississippi  River. 

The  atmospheric  disturbance  which  was  the  forerunner  of  the 
Ohio  storm  became  evident  in  California  on  the  20th.  On  the  22d 
its  center  was  over  Nevada,  and  during  the  next  day  it  moved  rap- 
idly eastward,  until  by  the  morning  of  the  24th  its  center  was  over 
Michigan.  Throughout  the  entire  territory  from  the  Rocky  Moun- 
tains to  the  Atlantic  coast  local  storm  conditions  became  evident 
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on  the  23d.  Through  western  Kansas  windmills  and  wire  fences 
became  so  charged  with  electricity  that  sparks  would  jump  gaps  of 
unusual  width,  while  persons  touching  each  other  would  experience 
distinct  shocks.  On  the  evening  of  the  23d  Omaha  was  visited  by 
the  most  serious  tornado  in  its  history,  94  people  being  killed,  while 
the  value  of  the  property  destroyed  was  $3,500,000.  A  few  hours 
later  at  Davenport,  Iowa,  a  similar  tornado  occurred,  fortunately 
without  crossing  a  thickly  settled  part  of  the  city.  During  the  same 
evening  a  tornado  passed  over  Terre  Haute,  Indiana,  killing  21  per- 
sons, and  injuring  250.  Probably  many  similar  disturbances  in 
various  parts  of  the  country  were  not  reported,  because  not  being  in 
centers  of  population,  there  was  little  loss  of  life  or  property. 

Rainfall  Causing  the  Flood 

A  general  rainfall  occurred  over  the  Miami  Valley  watershed  on 
the  23d,  but  the  total  amount — half  an  inch  at  Springfield,  Day- 
ton, and  points  south,  increasing  to  one  inch  at  Piqua  and  to  two 
inches  at  the  northern  limits  of  the  watershed — was  not  enough  to 
cause  alarm.  The  following  account  of  the  further  progress  of  the 
storm  is  from  a  description  by  Professor  Alfred  J.  Henry  in  the 
U.  S.  Monthly  Weather  Review  for  March,  1913. 

♦  *  *  *  Sunday  night,  March  23,  rain  continued  uninterruptedly  over  the 
above  territory,  but  the  intensity  was  not  so  great.  During  the  daylight 
hours  of  Monday,  March  24,  rain  ceased  in  northern  Illinois,  but  the  in- 
tensity over  southern  Indiana  and  southern  Ohio  was  greater  than  on  the 
previous  date,  and  it  is  to  be  noted  that  whereas  the  rainfall  of  the  previous 
24  hours  had  been  most  intense  on  the  headwaters  of  the  Wabash  River  of 
Indiana  and  of  the  rivers  of  Ohio  which  flow  southward,  the  area  of  greatest 
intensity  on  the  24th  was  over  the  lower  reaches  of  the  same  streams,  in- 
cluding both  forks  of  the  White  River  of  Indiana. 

Monday  night,  March  24-25,  brought  a  continuation  of  the  rain  over 
Illinois,  Indiana,  and  Ohio,  and  it  also  extended  along  the  lower  Lakes  down 
the  St.  Lawrence  Valley,  and  into  northern  New  England.  The  region  of 
great  intensity,  as  in  the  previous  24  hours,  being  in  central  Indiana  and  over 
practically  the  whole  of  central  and  northern  Ohio.  During  the  daylight 
hours  of  Tuesday,  March  25,  the  rainfall  in  Illinois  was  light,  but  it  con- 
tinued with  little  abatement  over  southern  Indiana  and  central  Ohio,  and  it 
was  to  the  rainfall  of  this  period,  daylight  hours  of  Tuesday,  March  25,  over 
Ohio  and  Indiana,  that  the  rivers  of  those  States  received  the  increment  of 
water  which  sent  them  forth  on  their  impetuous  career  of  destruction.  Up 
to  this  time  practically  all  of  the  precipitation  had  been  north  of  the  Ohio 
River;  meantime  the  Low,  to  which  the  precipitation  was  due,  had  passed 
rapidly  northeastward  beyond  the  field  of  observations. 

Development  of  Secondary  Low — It  sometimes  happens  when  a  Low 
centered  over  the  middle  or  northern  portions  of  the  United  States  moves 
rapidly  northeastward,  as  did  that  of  March  23,  1913,  it  leaves  behind  it  a 
trail,  so  to  speak,  of  low  pressure  and  unsettled  weather,  or  in  the  more 
technical  language  of  the  weather  map,  a  trough  of  low  pressure  is  formed, 
L  e..  a  region  of  low  pressure  whose  bounding  isobars  have  the  form  of  a 
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trough  or  very  elongated  ellipse;  frequently  too,  the  center  of  activity  in 
such  pressure  formations  may  be  at  either  or  both  ends  of  the  trough.  In 
case  the  northern  center  of  activity  moves  rapidly  to  the  northeast,  the 
southern  center,  if  only  moderately  well  developed,  generally  increases  in 
intensity  and  moves  northeastward  much  as  an  independent  Low  and  thus  a 
region  deluged  by  the  upper  end  of  the  trough  receives  a  second  downpour 
almost  immediately,  due  to  the  southern  extension  of  one  and  the  same 
storm,  and  this  is  what  happened  over  the  Ohio  Valley  between  the  dates  of 
March  23  and  March  27.  On  March  25  a  trough  of  low  pressure  had  de- 
veloped which  extended  from  New  England  on  the  northeast  to  Texas  on 
the  southwest,  and  in  which  there  were  two  centers  of  activity,  the  northern- 
most extended  from  western  Pennsylvania  southwestward  to  southern  In- 
diana; and  the  second  center  occupied  northwestern  Arkansas.  Both  of 
these  centers  delivered  their  quota  of  rain  over  the  Ohio  Valley  and  by  the 
morning  of  March  26  had  merged  in  a  single  center  which  overlaid  western 
New  York;  meanwhile  the  third  of  the  series  of  secondary  disturbances  re- 
sulting from  the  trough  of  low  pressure  which  formed  on  March  25,  ap- 
peared over  extreme  southern  Texas.  This  last  disturbance  moved  north- 
eastward across  the  Appalachians  in  eastern  Tennessee  and  Kentucky. 

The  development  of  the  trough  form  of  disturbance  on  March  25  resulted 
in  two  things,  viz.,  (1)  a  continuation  of  heavy  rains  in  the  basins  of  the 
northern  tributaries  of  the  Ohio  and  (2)  the  extension  of  the  rain  area  to  the 
tributaries  which  enter  the  river  along  its  south  bank.  If  there  had  been 
any  doubt  hitherto  as  to  the  occurrence  of  a  disastrous  flood  in  the  Ohio 
River  proper  it  was  removed  as  soon  as  rain  began  to  fall  in  great  amounts 
over  the  southern  watersheds. 

The  rainfall  which  caused  the  flood  in  the  Miami  Valley  began 
on  the  23d,  and  lasted  until  the  26th.  The  small  amount  of  rain  on 
the  27th  had  little  effect  on  the  flood  stages,  as  the  flood  was  largely 
past  by  that  time.  The  six  maps,  figures  6  to  11  inclusive,  give  a 
clear  idea  of  the  distribution  of  the  rainfall.  The  heavy  black  lines 
are  lines  of  equal  precipitation.  For  instatice,  on  the  map  for  March 
23  the  line  marked  1"  indicates  that  on  one  side  of  this  line  more 
than  1  inch,  and  on  the  other  side  less  than  I  inch  fell.  In  the  ter- 
ritory between  the  line  marked  1"  and  the  line  marked  2"  the  rain- 
fall on  the  23d  was  between  1  and  2  inches.  The  number  following 
the  name  of  town  is  the  depth  in  inches  which  fell  at  that  place. 
Five  maps  show  the  rainfall  on  the  separate  days,  while  the  sixth, 
figure  11,  gives  the  total  amount  which  fell  during  the  entire  five 
days.  A  more  technical  and  complete  discussion  of  the  rainfall  and 
runoff  of  the  flood  will  be  given  in  a  subsequent  report. 
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FIG.  6.— RAINFALL  MAP  OF  MIAMI  DRAINAGE  AREA  FOR 

MARCH  23,  1913. 

The  depths  of  rainfall  measured  at  the  observing  stations  are  shown  in 
inches. 
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FIG.  9.— RAINFALL  MAP  OF  MIAMI  DRAINAGE  AREA  FOR 

MARCH  26,  1913. 

The  depths  of  rainfall  measured  at  the  observing  stations  are  shown  in 
inches. 
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FIG.  8.— RAINFALL  MAP  OF  MIAMI  DRAINAGE  AREA  FOR 

MARCH  25,  1913. 

The  depths  of  rainfall  measured  at  the  observing  stations  are  shown  in 
inches. 
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FIG.  11.— CUMULATED  RAINFALL  MAP  OF  MIAMI  DRAINAGE 

AREA  FOR  MARCH  23-27,  1913. 

The  depths  of  rainfall  measured  on  the  successive  days  of  the  storm,  and 
shown  in  the  five  preceding  figures,  have  here  been  totaled.  Each  observing 
station  shows  the  rainfall  in  inches  for  the  entire  storm  period. 
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The  Day  Before  the  Flood 

The  rainfall  of  Sunday,  the  23d,  had  been  very  general,  but  not 
unusually  heavy. 

On  Monday,  the  24th,  a  heavy  rain  fell  over  the  entire  water- 
shed of  the  Miami,  and  over  nearly  all  of  Ohio  and  Indiana.  At 
Dayton,  Troy,  and  Piqua  the  precipitation  was  about  3  inches,  in- 
creasing to  5  inches  at  Richmond,  Ind.,  and  decreasing  to  2  inches 
on  the  north,  south,  and  east.  Even  a  smaller  rain  would  have 
overtaxed  the  river  channels,  and  toward  evening  the  upper  Miami 
had  reached  the  danger  mark.  When  the  news  spread  through 
Piqua,  many  people  went  to  watch  the  high  water  from  the  bridges 
on  the  Miami.  At  Troy  the  river  reached  flood  stage  about  ten 
o'clock  at  night,  but  at  Dayton  the  water  had  reached  only  the  stage 
of  frequent  spring  freshets,  and  no  great  alarm  was  felt.  The  Day- 
ton Daily  News  of  Monday  evening,  March  24,  had  the  following 
item: 

The  river  has  been  rising  steadily  since  the  heavy  rains  of  Sunday  and 
the  following  stages  since  six  o'clock  Monday  morning  tell  the  story: 

6:00  a.  m. —  7  feet  2  inches 


8:00  a.m. —  7 

"     9 

9:00  a.m. —  9 

"     5 

11:30  a.  m. — 11 

"     2 

12:30  a.  m.— 11 

u     7 

2:30  p.  m. — 12 

"     8 

M 
(I 
** 
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The  report  is  that  even  though  the  rain  does  not  continue  over  the  night, 
the  river  will  in  all  probability  rise  until  Tuesday  morning,  when  it  is  ex- 
pected to  have  reached  its  crest,  provided  of  course  that  the  rains  do  not 
continue  north  of  the  city. 

The  weather  bureau  predicts  rain  for  Monday  night,  both  east,  west,  and 
north  of  the  city,  which  means  a  river  that  will  border  on  the  unusually  high 
stage  that  was  recorded  about  this  time  last  spring,  when  the  highest  point 
for  a  number  of  years  was  recorded.  Even  at  that  point  no  serious  damage 
resulted,  and  there  is  no  cause  for  uneasiness  on  the  point  of  floods  from 
the  Miami  at  this  time  at  least. 

The  city  engineer  sent  out  a  corps  of  men  Monday  to  turn  off  all  sewers 
that  open  into  the  river  and  the  pumping  relief  station  is  ready  to  respond 
to  the  call  should  the  emergency  arise.  It  is  said  that  the  river's  stage  will 
be  watched  during  the  night  on  account  of  danger  that  some  low  places  in 
the  city  are  always  subjected  to  from  backwater. 

The  Columbus  Weather  Bureau  Office  had  sent  out  flood  warn- 
ing telegrams  to  the  cities  along  the  river,  and  the  usual  precau- 
tions were  taken  at  Dayton  and  Hamilton  to  close  the  flood  gates 
of  the  sewers.  At  Dayton  the  local  weather  bureau  official  called 
up  by  telephone  people  living  in  the  lower  parts  of  the  city  where 
high  water  frequently  causes  inconvenience. 
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The  Flood  at  Piqua 

In  the  upper  river  the  rise  was  very  rapid  during  the  night.  By 
eleven  o'clock  the  water  at  Piqua  had  reached  the  highest  stage 
ever  recorded.  When  appeals  for  boats  began  to  come  in,  the  city 
officials  sent  five  to  the  southeast  part  of  the  city,  known  as  Shaw- 
nee, and  others  to  Rossville,  just  across  the  river  to  the  north. 
Boatmen  were  kept  busy  carrying  people  to  places  of  safety,  until 
the  current  became  too  swift  for  managing  the  boats.  The  tele- 
phone operators  warned  every  household  in  the  low  lying  parts  of 
town  that  had  telephone  service.  All  night  long  the  water  rose. 
The  electric  light  plant  was  flooded  and  out  of  use,  and  the  rescuers 
at  the  water's  edge  working  in  the  rain  and  darkness,  could  only 
surmise  by  the  crash  of  collapsing  buildings  and  the  frantic  cries 
for  help,  what  was  going  on  in  the  terrible  current  that  was  tearing 
a  path  through  the  east  part  of  the  city. 

At  dawn,  through  rain  that  was  still  falling,  the  valley  was  re- 
vealed as  a  lake  of  surging,  muddy  water.  The  flood  had  reached 
the  floor  of  the  Rossville  bridge,  at  the  north  edge  of  town.  The 
old  Pennsylvania  Railroad  bridge  still  stood,  but  the  entire  east 
approach  had  been  washed  away,  and  the  contractor's  plant  for  the 
new  bridge  piers  just  to  the  north  was  destroyed.  The  Shawnee 
bridge  just  south  of  the  railroad  bridge  and  the  Bridge  Street 
bridge  further  south  were  wrecked. 

In  Shawnee  the  roofs  of  some  of  the  cottages  and  upper  portions 
of  the  second  stories  of  larger  dwellings  appeared  above  the  flood. 
An  expanse  of  gray  water  covered  the  places  where  other  houses 
were  known  to  have  stood.  In  the  early  twilight  people  could  be 
seen  in  little  clusters  on  the  roofs  of  some  of  those  which  remained. 
The  water  still  rose  and  now  its  progress  could  be  watched  as  it 
crept  up  the  houses  board  by  board.  Cottages  began  to  stir  un- 
easily on  their  foundations,  then  one  by  one  to  swing  out  into  the 
channel,  riding  swiftly  until  they  battered  into  the  wreckage  at  the 
bridge  and  were  crushed. 

Their  occupants,  when  there  were  any,  scrambled  for  the  roofs 
of  other  houses  which  they  touched  in  passing,  one  or  two  swung 
up  into  trees,  some  were  unable  to  save  themselves.  Forty-four 
people  were  drowned  in  Shawnee  and  Rossville.  Many  houses 
were  washed  away  and  destroyed.  The  wonder  is  that  five  times 
as  many  people  were  not  lost.  Some  families  escaped  destruction 
by  the  merest  coincidence  of  time  and  circumstance. 

Early  Tuesday  morning  a  rescue  party  on  the  Bridge  Street 
bridge  saw  a  little  child's  head  peeping  through  the  roof  of  a  house 
floating  down  the  river.  When  the  house  struck  the  piers  it  col- 
lapsed, but  the  wreckage  hung  together  for  a  moment.  Without 
hesitation  the  men  on  the  bridge  climbed  down  to  the  battered 
house  and  rescued  a  stunned  and  bleeding  man  and  five  children. 
The  mother  of  the  family  was  dead  from  exposure  and  fright,  and 
it  was  impossible  to  secure  her  body  before  the  remains  of  the 
house  were  drawn  under  the  bridge  and  spat  up  as  kindling  wood 
for  a  hundred  yards  below. 
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One  expert  boatman,  a  man  of  nearly  sixty,  saved  many  people 
by  his  daring.  Following  a  house  that  was  being  carried  down  the 
river  he  rammed  the  bow  of  his  boat  against  a  corner  of  the  roof 
and  its  occupant,  a  man,  jumped  to  safety.  A  little  later  this  boat- 
man rescued  another  man  from  a  tree,  and  then  went  on  down  to  the 
bridge,  which  had  turned  over  on  its  side,  and  got  off  three  more 
men. 

The  swift  current  made  it  impossible  to  reach  many  imprisoned 
people.  When  the  flood  reached  the  second  story  of  his  home,  one 
man  took  a  bed  slat  and  forced  a  hole  through  the  roof.  He  then 
lifted  his  wife  and  four  children  through  the  hole.  Wrapped  in  bed 
clothes  this  family  stayed  on  the  roof  in  the  cold  rain  for  32  hours. 
Buildings  near  them  were  demolished  and  the  rear  of  their  own 
house  was  torn  away.  The  group  on  another  roof  consisted  of 
thirteen  women,  and  children,  a  sick  man,  and  one  able-bodied  man. 
The  latter's  wife  and  another  woman  became  so  hysterical  that  it 
was  necessary  for  him  to  tie  them  both  with  bed  clothes  to  the 
house  top  in  order  to  prevent  them  from  jumping  into  the  seething 
water.  Eighteen  persons  who  took  refuge  in  one  cottage  were 
compelled  to  tear  off  the  plaster  ceiling  and  stand  or  sit  on  the 
joists.  As  an  emergency  measure  someone  punched  a  hole  in  the 
roof.  For  thirty  hours  they  were  held  in  the  cold  and  darkness 
while  the  water  lapped  against  the  walls  a  foot  or  two  below. 

The  flood  came  to  most  people  in  Piqua  as  a  most  surprising 
and  dramatic  occurrence.  Early  in  the  morning  hundreds  gathered 
at  the  water's  edge  to  watch  the  rising  tide.  The  wildest  specula- 
tions were  rife  as  to  its  cause  and  the  probable  loss  of  life.  As  they 
watched,  the  muddy  waters  seemed  to  boil  up  out  of  the  bed  of  the 
river  and  to  g^ow  visibly  in  volume.  The  rain  continued,  and  no 
one  could  predict  when  the  waters  would  begin  to  subside.  People 
living  blocks  from  the  flood  zone  turned  toward  home  with  the 
thought  of  packing  their  belongings.  Until  ten  o'clock  that  morn- 
ing the  water  rose.  It  held  stationary  for  four  hours,  and  at  two 
began  gradually  to  subside. 

The  Flood  at  Troy 

At  Troy  the  progress  of  events  was  somewhat  similar  as  to  time. 
By  ten  o'clock  Monday  evening  the  river  had  reached  the  danger 
mark  and  was  beginning  to  flood  the  lowlands  on  the  left  bank 
north  of  the  city.  Watchmen  with  lanterns  were  stationed  at  criti- 
cal points.  Continuing  to  rise  rapidly,  the  river  reached  the  highest 
known  stage  by  two  o'clock  at  night,  and  a  general  alarm  was 
sounded.  Whistles  were  blown,  fire-bells  were  rung,  and  two  men 
on  horseback  rode  through  the  streets  crying  a  warning. 

Before  daybreak  the  water  flowed  through  west  Troy  flooding 
houses  to  a  depth  of  ten  feet  or  more  by  the  time  it  had  reached  its 
crest.  Here  the  greatest  damage  was  done.  The  central  part  of 
the  city  was  left  as  an  island,  and  as  the  waters  rose,  covering  the 
higher  streets,  this  island  was  divided  into  two  by  overflow  along 
the  general  route  of  the  canal. 
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FIG.  14.— THE  COURT  HOUSE  AT  TROY  DURING 
THE  FLOOD. 
Built  on  some  of  the  highest  ground  in  the  city  it  stood, 
together  with  neighboring  residences,  on  an  island. 
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Many  citizens  awoke  to  find  their  yards  submerged.  First  in 
amazement,  then  curiously  they  watched  the  water  rise  until  they 
realized  the  import  of  the  situation.  After  household  goods  had 
been  carried  upstairs  or  piled  on  tables,  a  few  waded  out  to  high 
ground.  Early  in  the  day  men  living  near  the  north  end  of  town 
had  secured  boats,  and  relief  and  rescue  work  were  promptly 
started.  The  racing  current  through  west  Troy,  the  whirlpools, 
and  drift  made  this  difficult  and  dangerous,  and  where  the  water 
was  not  over  a  foot  or  two  deep  on  their  first  floors  most  people  pre- 
ferred to  remain  in  their  own  quarters.  At  ten  o'clock  Tuesday 
morning  something  like  one-half  of  the  principal  residence  portion 
of  Troy,  and  practically  all  of  the  industrial  section  were  sub- 
merged three  to  ten  feet.  Many  houses  and  small  buildings  had 
been  destroyed,  nine  or  ten  bridges  in  the  county  had  been  washed 
out,  and  the  water  was  still  rising,  though  more  slowly. 

In  the  lowlands  north  of  the  city,  in  the  little  cluster  of  cottages 
known  as  Nineveh,  inhabited  by  a  number  of  colored  families,  the 
flood  came  so  swiftly  that  few  residents  had  time  to  escape.  Shut 
in  a  little  cabin  were  several  women  and  children  and  a  man,  who 
had  been  forced  to  climb  into  the  rafters.  In  some  manner  the  man 
succeeded  in  prying  open  the  door  below  him  and  in  fixing  a  bed 
slat  across  it.  The  water  was  within  a  foot  and  a  half  of  the  lintel, 
but  the  black  man  never  lost  hope.  Every  ten  or  fifteen  minutes, 
for  hours,  his  head  came  craning  out  while  he  called  lustily  for  help 
and  waved  his  hand  to  the  crowd.  Although  they  were  hardly  two 
hundred  feet  away  it  was  impossible  to  render  any  assistance. 

When  their  homes  were  swept  away  or  filled  with  water  two 
colored  women  and  a  man  climbed  into  a  tree.  There  they  were 
discovered  in  the  morning  not  much  over  a  hundred  feet  from  high 
ground.  Crouching  in  the  cold  drenching  rain,  practically  unable 
to  move,  their  positions  were  becoming  intolerable.  Crying  to  on- 
lookers to  save  them  and  praying  continually  for  help  they  hung  on 
desperately.  A  white  man  made  the  first  attempt.  His  boat  was 
carried  across  the  upper  railroad  bridge,  and  from  there  he  started 
down  stream.  Keeping  in  the  comparatively  slow  moving  water 
below  the  abutment  he  approached  the  tree,  but  at  the  moment 
when  it  seemed  that  he  would  be  successful  in  taking  them  off,  his 
craft  was  swept  out  into  the  current  and  went  dashing  down  the 
main  channel.  There  appeared  to  be  no  hope  for  this  man  as  his 
boat  swept  toward  the  lower  bridge,  but  at  the  moment  when  it 
crashed  into  the  structure,  a  quick-witted  watcher  on  the  bridge 
threw  off  his  overcoat,  and  leaning  low  over  the  girder  dropped 
the  skirts  of  the  coat  to  the  boatman  and  drew  him  up  to  safety. 
All  through  the  morning  the  three  colored  people  clung  to  the  tree. 
Now  and  again  a  heavy  piece  of  drift  came  pounding  against  it,  and 
it  seemed  only  a  question  of  time  until  the  huddled  figures  would 
drop. 

Through  west  Troy  the  most  western  of  the  three  streams  was 
now  running  like  a  rapid.  Living  in  a  cottage  near  the  center  of 
this  channel  was  a  family  of  three,  husband,  wife,  and  child.  Three 
friends  went  to  their  assistance  in  a  small  dory.    Leaving  the  little 
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house  the  six  were  caught  by  the  rushing  current.  As  they  passed 
close  to  a  tree  someone  succeeded  in  passing  a  rope  around  the 
trunk  and  making  it  fast.  They  tossed  there  for  five  or  six  hours, 
then  the  tree  quietly  toppled  down  and  sank  the  boat.  Wife,  child, 
and  husband  were  drowned ;  one  man  succeeded  in  catching  a  tree 
near  at  hand,  another  was  carried  a  quarter  of  a  mile  to  a  clump  of 
trees  into  one  of  which  he  climbed,  the  third  kept  afloat  and  was 
pitched  into  still  water  a  mile  below  where  he  swam  to  shore. 

The  main  business  portion  of  Troy  lay  in  the  upper  island  and 
was  practically  untouched  by  the  flood.  By  noon  a  relief  organi- 
zation was  formed  and  distressed  persons  were  being  cared  for. 
The  water  continued  to  rise  until  two  o'clock,  when  it  held  station- 
ary for  a  short  time,  and  then  began  gradually  to  subside. 

Crowds  stood  in  the  rain  on  the  bank  of  the  river  where  the 
colored  people  still  cried  for  help.  Late  in  the  afternoon  two  men, 
an  interurban  motorman  and  an  unknown  vagrant,  volunteered  to 
make  another  attempt  to  rescue  those  in  the  tree.  A  windlass  was 
fastened  to  the  bridge  and  the  boat  slowly  dropped  down  the  cur- 
rent. Numb  and  stiff  the  women  and  man  started  for  the  boat 
eagerly  and  awkwardly.  The  last  aboard  made  a  mis-step  and  all 
were  thrown  into  the  river.  The  negroes  and  the  vagrant  were 
drowned ;  one  man,  the  traction  employee,  after  a  long,  hard  battle 
reached  another  tree. 

Throughout  the  night  the  water  continued  to  fall,  and  Wednes- 
day morning  found  the  two  islands  re-united.  The  stream  to  the 
west  of  the  city  had  abated  and  early  in  the  day  it  was  possible  to 
rescue  the  two  men  who  had  escaped  when  the  occupants  of  the 
cottage  were  lost.  After  a  night  in  his  tree  the  motorman  was  also 
taken  off,  but  the  persistent  colored  man  in  the  little  cabin  could  not 
be  reached. 

The  rise  of  the  water  at  Piqua  and  Troy  was  very  rapid  during 
the  late  afternoon  and  evening  until  one  or  two  hours  before  mid- 
night. By  this  time  it  had  reached  to  within  one  or  two  feet  of  the 
crest,  and  the  rise  for  the  next  12  or  14  hours  was  very  gradual,  only 
one  or  two  inches  an  hour.  The  crest  was  reached  at  about  eleven 
o'clock  Tuesday  forenoon,  March  25,  at  Piqua,  and  about  two 
hours  later  at  Troy.  The  time  of  the  crest  at  Troy  is  variously  re- 
ported at  from  noon  to  2  p.  m. 

The  Flood  at  Dayton 

During  Monday  night  while  the  people  of  Piqua  and  Troy  were 
overwhelmed  by  the  flood,  the  people  of  Dayton  and  Hamilton  were 
comfortably  asleep.  If  word  of  the  coming  waters  had  been  carried 
down  the  valley,  the  loss  of  life  and  property  at  and  below  Dayton 
would  have  been  less.  At  midnight  the  river  at  Dayton  stood  at 
14  or  15  feet  on  the  gage,  representing  a  flow  about  two- thirds  as 
great  as  the  channel  would  carry,  and  less  than  a  fifth  as  much  as 
was  flowing  through  the  city  twelve  hours  later. 

Mr.  Cummin,  the  City  Engineer,  crossing  the  Dayton  View 
bridge  about  5 :30  or  5 :45  a.  m.  Tuesday,  the  25th,  found  the  water 


O   z  ^ 


D  M  -  E 
«    S  Si 


48  MIAMI  CONSERVANCY  DISTRICT 

to  be  near  the  tops  of  the  levees.  At  that  time  the  river  channel 
was  carrying  about  100,000  cubic  feet  per  second,  or  about  two- 
fifths  of  the  flow  during  the  highest  water.  He  went  to  Riverdale, 
where  at  about  six  o'clock  the  water  was  appearing  in  the  streets, 
coming  from  a  break  in  the  levee  below  Island  Park  and  over  the 
top  of  the  levee  at  other  points.  In  the  vicinity  of  Floral  Avenue 
there  was  but  a  few  feet  of  water.  Rescue  work  with  boats  from 
the  boat  clubs  commenced  in  Riverdale  as  early  as  half  past  six. 
The  boat  house  had  not  been  flooded  at  that  hour,  and  motor  trucks 
and  wagons  were  used  to  secure  boats  and  canoes.  The  rescue 
work  continued  without  organization  until  the  water  reached  the 
hips  of  the  rescuers.  The  unconcern  of  the  people  of  Riverdale  was 
remarkable.  Most  of  them  stood  watching  the  water  come,  making 
little  or  no  effort  to  get  out.  Nearly  all  those  who  were  imprisoned 
in  Riverdale  had  ample  time  to  escape  after  the  water  began  to 
rise. 

The  overflow  of  the  levees  on  the  south  side  of  the  river  did  not 
begin  until  7 :30  or  8'clock,  the  first  water  coming  over  the  north  end 
of  Jefferson  Street.  At  the  other  end  of  the  city  people  living  on 
higher  ground  were  becoming  aware  of  the  flood. 

On  Tuesday  morning  H.  E.  Talbot  started  for  town  in  his  car. 
He  tried  to  come  in  by  South  Main  Street  but  encountered  water,  so 
he  went  around  to  the  east  on  high  ground.  Coming  in  by  East 
Fifth  Street  he  ran  to  Main  and  thence  to  Monument.  He  saw  con- 
ditions but  did  not  fully  appreciate  their  seriousness,  and  returned  to 
the  country  for  his  family.  When  they  entered  East  Fifth  Street 
on  his  return,  they  ran  west  and  presently  found  that  Fifth  Street 
was  under  water  in  the  down  town  districts.  Horses  and  debris 
were  floating  past.  He  turned  the  car  around  and  started  for  a 
planing  mill  to  order  boats.  As  they  ran  east  the  water  began  ris- 
ing about  the  car.  and  as  they  neared  high  ground  a  wall  of  water 
three  or  four  feet  high  poured  down  upon  them.  This  water  carried 
wooden  sidewalks,  fences  and  all  sorts  of  debris  before  it.  His  car- 
buretor was  put  out  of  order  by  the  rising  water  when  they  were  50 
feet  from  high  ground.  A  number  of  men  running  past  caught  hold 
of  the  car  and  pushed  it  to  higher  ground. 

He  went  to  the  National  Cash  Register  Company  offices  and  dis- 
cussed the  situation  with  Mr.  Patterson.  The  building  of  boats  was 
commenced  at  once  under  Mr.  Talbot's  direction.  The  first  made 
was  of  1-inch  planks.  They  hurried  this  to  the  water  and  after  a 
trial  the  design  was  modified  and  2-inch  planks  were  used.  A  hun- 
dred and  sixty-seven  were  made  the  first  day,  each  fitted  with  4 
oars.  These  boats  were  very  cranky  and  were  safe  for  use  only  in 
comparatively  still  water.  But  there  is  no  doubt  that  many  people 
owe  their  lives  to  them. 

During  the  first  day  every  one  gave  his  eflforts  promiscuously  to 
the  relief  work,  which  was  not  organized.  The  National  Cash 
Register  Company  had  facilities,  materials,  and  organization  and  as 
a  natural  result  relief  work  soon  centered  there  and  was  definitely 
organized  that  evening.  The  floors  of  the  shops  were  cleaned  out, 
kitchens  started,  and  all  rescued  people  brought  there  for  safety  and 
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shelter.  Straw  was  placed  on  the  floor  and  thousands  slept  in  the 
buildings  for  some  weeks.  Emergency  hospitals  were  established 
as  well  as  bureaus  of  information,  etc. 

Securing  provisions  and  supplies  was  a  difficult  problem  but  was 
greatly  facilitated  by  the  promptness  with  which  everyone  respond- 
ed. Among  the  most  urgent  needs  were  gasoline  and  rubber  boots. 
The  Standard  Oil  Company  sent  gasoline  by  motor  trucks  and  in 
railroad  tank  cars  at  the  earliest  moment  and  boots  were  obtained 
in  car  load  lots  from  Cincinnati.  The  farmers  for  20  miles  back 
from  the  river  rendered  the  greatest  assistance.  They  slaughtered 
pigs  and  steers,  and  brought  in  wagon  loads  of  potatoes.  Their 
wives  baked  bread  and  made  pies  and  cookies.  At  first  some  sent 
sandwiches,  but  on  account  of  their  perishable  nature  they  were 
not  always  useable.  It  was  the  staples  which  were  sought.  Flour, 
salt,  sugar,  coffee,  and  meat  came  in  from  Cincinnati  where  cars 
destined  for  other  cities  were  diverted  and  sent  up  the  valley.  Re- 
ceipts were  given  for  provisions,  and  payment  promised  in  the 
name  of  the  state  or  city.  In  many  cases  farmers  refused  payment. 
The  conduct  of  the  people  in  the  country  districts  was  deserving 
of  the  highest  praise. 

Fred  Boyer,  a  teacher  in  the  Stivers  High  School,  was  on  Main 
Street  when  the  water  came  over  the  levee,  and  describes  its  prog- 
ress in  an  account  written  at  that  time : 

This  morning  it  was  still  raining  and  as  the  cars  were  not  running  I 
started  to  walk  to  school  (Stivers).  I  heard  stories  on  my  way  down  that 
shops  were  not  running,  that  Main  Street  was  under  water,  etc.  Only  about 
ten  or  fifteen  teachers  and  fifty  of  the  pupils  came,  so  after  8:30  we  decided 
to  close  school.  *  *  *  *  The  fire-bell  rang  and  the  whistles  blew  as  a 
warning.  Six  of  us  walked  down  to  Main  Street.  St.  Clair  was  covered  to 
a  depth  of  several  feet  near  the  canal,  Main  Street  was  covered  south  of  the 
railroad.  Several  of  us  had  gotten  about  as  far  north  as  Fourth  Street  at 
just  about  9  o'clock,  when  a  man  came  galloping  down  the  street  on  a  horse, 
a  tall,  gaunt,  ungainly  figure,  waving  his  hands  in  the  other  direction  and 
crying  "The  levee's  broke,  the  levee's  broke."  The  crowds  started  hurrying 
the  other  way,  and  street  cars  hurriedly  started  backing  (south  on  Main 
Street).  A  company  of  colored  militia  marched  up  the  street  from  the 
south.  In  a  moment  the  water  was  rushing  down  the  gutters  and  spreading 
across  the  street.  (The  gutters  were  full  and  I  could  see  the  water  coming 
down  Main  Street  in  a  wall  about  six  inches  deep  in  the  center  of  the 
street).  We  went  back  up  Fifth  Street  and  it  was  already  coming  out 
JeflFerson.  ♦  *  *  *  Down  St.  Clair  Street  (from  Fifth)  we  could  see  a 
great  current  in  the  water.  We  went  up  the  railroad  and  Wyandotte  Street 
to  Third  Street  and  the  Canal  down  which  the  water  was  coming  like  a 
river.  It  was  washing  across  St.  Clair  Street  in  a  mighty  current,  and  just 
beginning  to  flow  into  the  Library.  We  looked  up  Third  Street  and  it  was 
already  across  between  Wayne  Avenue  and  the  Railroad,  so  we  retreated 
to  Fifth  Street,  came  back  to  Third  at  Bainbridge  and  found  the  water  just 
about  to  wash  over  the  Pennsylvania  tracks  and  had  to  hurry  to  beat  it  up 
to  McDonough  Street.  As  we  hurried  up  the  railroad  we  saw  some  people 
climbing  out  of  the  window  of  a  little  cottage  into  the  water  which  reached 
the  sill  and  we  nearly  got  caught  at  Clinton  Street  where  it  was  already 
across  the  tracks. 
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When  the  seriousness  of  the  flood  became  apparent  efforts  were 
made  to  inform  the  people  of  the  city.  The  National  Cash  Register 
Weekly  of  March  26,  published  while  the  water  was  still  near  its 
crest,  stated : 

The  continual  ringing  of  church  and  fire  alarm  bells,  blowing  of  all  sorts 
of  steam  whistles,  etc..  warned  the  citizens  of  Dayton  Tuesday  morning 
that  there  was  danger  of  a  flood  and  to  seek  places  of  safety.  The  majority 
of  the  people  did  not  or  would  not  appreciate  the  gravity  of  the  situation 
and  remained  in  their  homes.  As  a  result  the  larger  part  of  them  have  had 
to  take  refuge  in  upper  stories  of  their  homes,  and  as  a  consequence  are 
experiencing  great  suffering  from  exposure  and  for  the  want  of  food,  water, 
and  heat. 

After  the  water  had  overtopped  and  broken  down  the  levees 
])rotecting  the  main  part  of  the  city,  the  rapidity  of  the  rise  shut  off 
the  chance  of  escape  for  most  people.  The  following  account,  writ- 
ten at  the  time  by  Miss  Bertha  Langstroth,  a  teacher  in  the  Miami 
Commercial  College,  indicates  the  rapidity  of  the  rise : 

I  went  across  the  street  to  the  Reibold  Building  with  the  office  girl,  as  we 
thought  we  could  go  up  higher  and  see  where  the  high  water  was.  Went 
up  on  the  elevator,  but  could  see  very  little  for  the  clouds.  Had  to  walk 
down,  as  the  elevator  had  stopped  running.  When  we  got  down  I  remarked 
that  it  looked  as  if  there  was  a  thin  sheet  of  water  on  the  street  up  near  the 
monument.  The  girl  thought  it  was  only  the  way  the  light  struck  the  pave- 
ment, but  in  a  minute  I  saw  great  numbers  of  people  on  foot  and  in  different 
kinds  of  conveyances  coming  very  rapidly  toward  the  south,  and  before  I 
could  get  across  the  street  had  to  step  in  the  water  in  the  east  gutter.  The 
sjirl  was  afraid  of  the  water  and  stayed  in  the  Reibold  Building. 

*  ♦  *  *  About  nine  o'clock  we  went  upstairs  into  the  office  and  in  a 
few  minutes  heard  a  terrible  crash  below.  Looked  down  the  stairway  and 
saw  the  plate  glass  windows  had  broken  in. 

Looked  out  the  windows  and  saw  several  people  caught  in  the  water. 
I\verybody  seemed  very  quiet,  there  being  no  screaming  or  crying  or  ex- 
citement. 

Two  boys  about  16  were  near  the  corner  where  the  fence  was  around  the 
Reibold  Annex  excavation.  One  climbed  on  the  post  at  the  corner  and  the 
other  started  south.  He  got  to  the  lamp-post  at  the  alley  south  of  the 
Reibold  Building  where  he  held  on  for  a  while,  motioning  for  the  other  to 
come  on,  but  he  shook  his  head  and  still  clung  to  the  post.  The  one  at  the 
alley  then  swam  across  the  alley  going  south  and  disappeared  in  one  of  the 
buildings.     I  think  the  other  got  across  to  the  Arcade  some  way. 

*  *  *  *  Saw  some  men  floating,  holding  to  boards  in  the  whirling  water 
in  the  cellar  of  the  Reibold  Annex,  and  were  very  much  afraid  they  must 
])e  drowned  as  they  seemed  helpless.  The  current  was  most  terrible  there; 
that  on  Fourth  Street  coming  west  seemed  to  join  the  one  on  Main  Street 
coming  south,  striking  the  northeast  corner  of  the  Reibold  Building.  This 
made  it  very  bad  for  the  men. 

Until  about  noon  on  Tuesday  the  water  rose  very  rapidly,  but 
from  that  time  until  the  crest  of  the  flood  was  reached  at  about 
midnight  the  rise  was  very  slow. 
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All  day  as  the  water  rose,  the  terriffic  current  prevented  rescue 
work  over  most  of  the  flooded  area.  Each  individual  who  went 
through  the  ordeal  has  his  own  experience  written  in  his  memory, 
but  it  would  be  out  of  place  in  this  report  to  try  to  record  them.  A 
single  narrative,  each  important  item  of  which  has  been  checked 
as  to  its  accuracy,  will  give  an  impression  of  that  first  day.  The 
ocurrences  described  were  repeated  in  all  parts  of  the  flooded  city 
with  a  thousand  variations  as  to  detail. 

H.  W.  Lindsey,  who  lived  at  the  corner  of  Vine  and  Main 
Streets,  between  the  Miami  and  Erie  Canal  and  the  high  ground 
south  of  the  city,  gives  the  following  account  of  his  experiences : 

On  Tuesday  morning,  March  25,  just  before  dawn,  I  was  aroused  by  a 
call  for  help  from  the  grocer,  Mr.  Saettel,  and  upon  looking  out  of  the  win- 
dow was  surprised  to  see  that  the  water  had  risen  and  covered  the  sidewalk. 
I  immediately  dressed,  waded  across  the  street  and  offered  my  assistance. 
We  worked  probably  an  hour  waist-deep  in  water,  moving  things  out  of  the 
cellar.  Then  the  water  began  to  pour  in  upon  the  first  floor,  and  the  rise 
was  so  very  rapid  that  we  were  totally  unable  to  move  any  of  the  merchan- 
dise to  the  second  floor.  At  this  time  the  current  was  flowing  east  from  the 
river,  it  evidently  being  due  to  backwater.  The  current  was  so  very  swift 
that  I  realized  I  could  not  cross  the  street  to  my  home;  *  *  ♦  * 
About  ten  o'clock  in  the  morning  the  river  evidently  was  overflowing  its 
banks  at  the  north  of  town,  and  therefore  for  a  time  the  current  down  Vine 
Street  was  no  longer  swift,  as  the  current  from  uptown  seemed  to  neutralize 
the  current  due  to  the  backwater.  One  of  my  friends  taking  advantage  of 
this  fact  launched  a  canoe,  and  as  he  was  passing  the  grocery  I  hailed  him 
and  he  offered  to  take  me  across  Vine  Street  to  my  home  on  the  corner  of 
Vine  and  Main.  I  hung  from  a  window  in  the  second  story  and  dropped 
into  the  canoe. 

About  this  time  the  water  had  risen  to  a  depth  of  about  ten  feet.  There 
was  a  small  cottage  two  doors  from  the  grocery  in  which  lived  an  elderly 
man  and  his  wife.  They  had  pushed  a  table  against  the  front  door  and  were 
looking  over  the  transom,  calling  to  those  in  the  houses  nearby  to  send  a 
boat  to  their  assistance.  Only  by  great  effort  was  a  boat  able  to  reach  and 
remove  them. 

About  one  o'clock  we  heard  a  Ipud  report,  and  on  looking  out  of  the 
window  saw  that  the  grocery,  which  I  had  left  but  a  few  hours  before,  was  a 
mass  of  flames.  An  explosion  in  the  lower  floor  had  literally  blown  the  top 
of  the  building  away,  and  the  flames  belching  forth  from  the  upper  story 
resembled  a  hot  furnace.  The  concussion  shattered  the  windows  in  nearby 
houses.  Of  seven  people  in  the  building,  five  were  saved  from  any  injury. 
One  lad  of  about  eight  years  was  thrown  by  the  explosion  onto  a  roof  imme- 
diately to  the  north.    Two  escaped  by  means  of  an  improvised  raft. 

Mr.  Saettel's  father,  a  man  of  about  75  years,  was  tossed  by  the  force  of 
the  concussion  onto  a  floating  roof  in  the  middle  of  Main  Street.  The  roof 
drifted  towards  the  west  side  of  Main  Street,  lodging  against  a  barn. 
*  *  ♦  *  At  this  time  the  current  was  very  rapid,  the  water  flowing  west 
towards  the  river  so  very  strongly  that  houses  and  barns  were  torn  from 
their  foundations  and  floated  down  Vine  Street.  One  of  the  houses  struck 
a  tree  on  the  west  side  of  Main  Street  and  broke  its  trunk,  8  or  9  inches  in 
diameter,  as  though  it  were  a  match.     There  were,  I  would  judge,  at  least 
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fifteen  or  twenty  horses  frantically  pawing  at  the  water  as  they  were  carried 
towards  the  river.  Mr.  Saettel  was  on  the  raft  for  probably  an  hour.  His 
plight  was  pitiful  and  our  very  helplessness  nearly  drove  us  to  distraction. 
We  had  a  steel  boat  tied  to  our  porch,  but  we  dared  not  embark,  and  if  we 
had  done  so,  we  could  never  have  reached  him.  As  each  bit  of  drift  wood, 
and  parts  of  houses  shot  by  the  frail  roof  or  raft  with  terrific  force,  it  would 
break  oft  a  piece.  Eventually  the  remnants  were  insufficient  to  keep  the 
old  man  afloat,     ♦     *     *     ♦     and  finally  he  sank  below  the  surface. 

Even  more  tragic  was  the  fate  of  a  woman  by  the  name  of  Mrs.  Shunck. 
She  was  thrown  by  the  force  of  the  explosion  out  of  the  second  story  of 
the  grocery  and  succeeded  in  catching  hold  of  one  of  the  spikes  on  a  tele- 
graph post  about  twelve  or  fifteen  feet  in  front  of  the  building.  She  was 
torn,  lacerated  and  mutilated  almost  beyond  recognition.  Her  clothes  were 
literally  torn  off.  ♦  *  *  *  Crying  for  help  she  looked  beseechingly 
from  one  group  of  helpless  persons  to  another  while  we  fairly  shook  with 
pity.  She  would  call  the  spectators  by  name  asking  them  to  send  assistance, 
which  of  course  was  impossible.  She  evidently  had  but  little  strength  for 
as  she  attempted  to  crawl  up  the  post,  the  water  being  almost  up  to  her  arm- 
pits, it  was  impossible  for  her  to  raise  herself.  Two  young  men  did  attempt 
to  rescue  her.  They  launched  a  boat  on  Vine  Street  about  one  square  from 
Main.  The  current  carried  the  boat  so  swiftly  past  the  distressed  woman 
that  neither  of  the  rescuers  had  an  opportunity  to  even  catch  hold  of  the 
woman's  apparel.  Just  as  the  boat  shot  past  her,  it  evidently  struck  a  piece 
of  debris,  as  it  capsized.  Fortunately,  the  young  men  were  able  to  reach 
the  barn  lodged  in  front  of  Mr.  T.  C.  Lindsey's  house  and  to  climb  over  the 
limbs  of  the  tree  which  I  have  mentioned  before,  to  the  rear  of  Mr.  Lind- 
sey's home.  I  cannot  say  definitely  how  long  Mrs.  Shunck  hung  on  the 
telegraph  post,  but  different  people  who  witnessed  that  distressing  scene 
estimated  that  the  time  was  one-half  to  one  hour.  ♦  ♦  *  *  Finally  her 
strength  entirely  failed  her  and  she  sank. 

About  this  time  a  boat  became  lodged  in  a  tree  on  the  sidewalk  on  Vine 
Street  about  half  a  square  from  Main  Street.  In  some  way  the  oarsmen  had 
lost  their  oars.  There  was  a  very  old  couple  in  the  boat  and  one  woman 
with  a  baby  in  her  arms.  Each  one  seized  a  limb  of  the  tree  and  firmly  held 
to  it  in  order  to  prevent  the  boat  from  drifting  past  Main  Street  to  the 
river.  We  attempted  to  throw  ropes  to  hem,  but  they  were  too  far  distant. 
We  also  tried  to  launch  our  steel  boat  and  row  to  them,  but  the  current  was 
so  strong  that  we  could  not  advance  at  all  in  either  direction.  These  people 
were  in  this  perilous  condition  for  about  an  hour.  A  boat  then  came  down 
Vine  Street  and  transferred  them  to  safety.  Later  in  the  day  the  tree  was 
uprooted.  One  boat  load  of  people  attempted  for  one  hour  to  row  south  on 
Main  Street  to  the  Main  Street  hill  across  the  swift  current,  but  had  to  give 
up  this  means  of  reaching  safety. 

At  this  time  there  were  thirteen  people  in  my  home.  Nine  of  them  were 
women  and  four  men.  Fearing  that  our  house  would  be  set  on  fire  by 
sparks  or  floating  burning  timbers,  we  put  the  boat  between  the  porches  of 
our  house  and  the  house  immediately  to  the  south  of  us.  We  then  crawled 
over  a  roof  and  a  shed  to  the  next  house.  About  this  time  the  back  part  of 
the  frame  grocery  was  torn  from  its  foundation  by  the  current,  and  carried 
against  my  home,  setting  it  on  fire.  We  dared  not  go  further  south  to  the 
next  house,  as  this  was  a  small  cottage,  and  it  would  have  been  impossible 
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to  have  passed  on  to  the  next  house,  the  distance  being  too  great.  We, 
therefore,  hailed  a  boat  from  a  back  window  in  the  house,  and  the  oarsmen 
consented  to  take  us  to  safety.  The  current  in  back  of  the  house  on  the  east 
side  of  Main  Street  was  not  as  swift  as  it  was  on  Main  and  Vine  Streets. 
The  boat  would  hold  but  five  people,  and  when  after  three  trips  it  began  to 
get  dusk,  the  man  rowing  refused  to  return  for  the  last  three  of  us.  How- 
ever, we  offered  him  fifteen  dollars,  and  after  some  entreaties  we  succeeded 
in  having  him  return.  We  rowed  east  from  Main  Street  to  Brady  Street, 
and  then  went  south  on  Brady  across  P'oraker  Street  to  Apple  Street,  where 
we  reached  dry  land.  Before  we  got  across  Foraker  Street  we  had  to  stop 
in  order  to  permit  two  cottages  and  one  double-story  house  to  float  by  on 
their  way  to  the  river.  I  might  say  that  one  of  the  main  reasons  we  desired 
so  anxiously  to  get  out  of  the  house,  in  which  we  took  refuge,  was  that  there 
was  a  pumping  station  for  gas  in  the  rear  of  this  house,  in  which  the  main 
pipe  had  been  broken,  and  as  a  result  the  escaping  gas  threw  the  water  up 
into  the  air  like  a  fountain.  We  feared  that  a  spark  would  ignite  the  gas 
and  blow  us  up.  Within  an  hour  after  the  last  of  us  reached  dry  land,  my 
home,  and  the  two  houses  south  of  us,  burned  to  the  water  line.  We  had 
moved  all  of  our  furniture  up  to  the  second  floor  and  then  up  into  the  attic. 
At  the  time  that  the  house  burned  the  water  was  but  a  few  inches  from  the 
second  floor. 

The  rear  part  of  the  burning  grocery  lodged  against  the  barn  in  front  of 
Mr.  T.  C.  Lindsey's  house.  This  was  on  the  corner  of  an  alley,  and  a  cot- 
tage was  wedged  in  between  his  house  and  the  house  on  the  other  side  of 
the  alley.  Of  course,  the  barn  and  the  cottage  caught  fire  and  the  fire  was 
unusually  intense,  because  the  barn  was  filled  with  several  tons  of  hay.  At 
this  time  there  were,  I  believe,  thirteen  persons  in  the  house.  To  the  north 
of  this  were  two  double  houses,  the  second  being  on  the  corner  of  Stout  and 
Main  Streets.  These  people  dared  not  proceed  north  as  they  felt  they  would 
most  certainly  4)e  caught  in  a  trap,  as  there  was  no  means  of  escaping  from 
the  house  on  the  corner  of  Stout  and  Main.  They  therefore  decided  to  pro- 
ceed south  towards  the  Main  Street  hill.  They  crawled  over  the  roof  of  the 
cottage  wedged  between  Mr.  T.  C.  Lindsey's  house  and  the  house  on  the 
other  side  of  the  alley.  Mr.  and  Mrs.  Osborn  were  among  those  in  Mr. 
T.  C.  Lindsey's  home.  They  had  a  baby  about  four  months  old,  and  as  they 
had  no  food  for  the  baby,  and  the  fire  was  coming  towards  them,  they  be- 
came desperate.  They  therefore  climbed  on  some  limbs  in  front  of  the 
house  to  which  they  passed  and  reached  a  telegraph  post.  Mr.  Osborn  had 
the  baby  strapped  in  a  sheet  to  his  back.  They  climbed  up  the  post  and 
reached  the  bars  above.  Mrs.  Osborn  sat  on  one  cable  and  pulled  herself 
along  by  means  of  the  other.  It  took  her  about  three-quarters  of  an  hour  to 
make  this  dangerous  journey.  Her  hands  were  badly  lacerated,  and  al- 
though she  was  in  a  weakened  condition  when  she  reached  safety,  she 
showed  remarkable  courage  and  fortitude.  As  soon  as  Mrs.  Osborn  and  her 
husband  and  baby  reached  the  ground  they  were  taken  at  once  in  an  auto- 
mobile to  the  National  Cash  Register  Co.  plant.  I  might  say  here  that 
everyone  that  was  rescued  in  that  vicinity  was  at  once  taken  to  the  National 
Cash  Register  Co. 

Mrs.  Meyers,  a  woman  of  about  45  years,  also  decided  to  take  the  same 
route  to  safety.  She.  however,  walked  on  one  cable  and  seized  the  wire 
overhead  with  her  hands,  and  in  this  way  proceeded  towards   Main  Street 


58  MIAMI  CONSERVANCY  DISTRICT 

hill.  After  she  had  passed  about  ten  feet  beyond  one  of  the  telegraph  posts 
her  feet  slipped.  Breathlessly  we  watched  her  grip  firmly  to  the  wire  over- 
head. Due  to  her  weight  this  wire  sagged  so  that  the  cable  now  hung  about 
her  waist,  and  she  could  not  therefore  again  place  her  feet  upon  the  cable. 
With  grim  determination  she  went  backwards  hand  over  hand  to  the  tele- 
graph post  she  had  just  left.  Again  placing  her  feet  upon  the  cable  she 
proceeded  to  finish  her  journey. 

A  child  of  fifteen  or  sixteen  also  followed  Mr.  and  Mrs.  Osborn's  ex- 
ample. The  journey  was  so  frightful  to  her  that  for  three  or  four  days 
afterwards  she  was  out  of  her  mind.  The  only  real  cowardly  act  which  I 
witnessed  during  the  flood  was  that  of  a  man  who  left  his  wife  in  her  home 
alone,  and  reached  safety  himself  by  traveling  over  the  telegraph  cables. 

Someone  conceived  the  idea  that  flat  cars  might  be  loaded  with  bricks 
and  stones,  hauled  to  the  top  of  Main  Street  hill,  and  then  released  so  that 
their  momentum  would  carry  them  through  the  water  and  against  the  house 
which  was  lodged  in  the  middle  of  Main  Street,  and  in  front  of  the  house  in 
which  the  group  had  taken  refuge.  The  flat  cars  were  placed  on  the  tracks 
of  the  Ohio  Electric  and  the  National  Cash  Register  Co.  furnished  their 
engines  to  haul  the  cars  to  the  top  of  the  Main  Street  hill.  Each  flat  car 
was  separately  uncoupled  and  as  the  hill  is  very  long  and  steep  they  ran 
down  the  hill  at  such  great  speed  that  each  would  bump  the  other  car  in 
front.  The  water  was  just  barely  over  the  top  stones  and  bricks  on  the  first 
car  released.  This  car  came  to  a  stop  against  the  house  which,  as  I  have 
said  before,  was  in  the  middle  of  the  street.  After  a  sufficient  number  of 
cars  had  been  lined  up  in  this  manner  so  that  the  last  car  was  within  easy 
reach  of  the  dry  land,  ladders  and  boards  were  laid  between  the  cars  and 
men  provided  with  ropes  reached  the  house  lodged  in  the  middle  of  the 
street.  They  then  threw  the  one  end  of  the  rope  to  the  persons  in  the  group 
above  mentioned,  and  these  succeeded  in  reaching  the  house  by  means  of 
these  ropes  in  the  same  manner  as  they  had  passed  between  two  of  the 
houses,  as  I  have  said  before.  They  then  crossed  over  the  tops  of  the 
bricks  on  the  flat  cars  to  safety. 

As  I  have  said  before,  the  house  immediately  to  the  north  of  Mr.  T.  C. 
Lindsey's  house  was  a  double  one.  The  people  residing  in  the  south  side  of 
this  house  were  an  elderly  couple,  and  the  woman  had  had  an  operation  but 
a  very  short  time  before.  Before  Mr.  Lindsey  left  his  home  he  attempted  to 
get  this  couple  over  to  his  home.  However,  the  passage  from  the  one  house 
to  the  other  involved  great  danger,  and  the  woman  did  not  have  the  nerve  to 
attempt  it.  I  believe  that  I  said  the  name  of  these  people  was  Beiser. 
However,  when  this  double  house  began  to  burn  the  Beisers  were  forced  to 
desert  it,  but  at  this  time  the  home  of  Mr.  Lindsey  was  partially  destroyed 
and  they  dared  not  proceed  in  a  southerly  direction.  They,  therefore,  by 
means  of  a  door  or  shutter,  I  believe,  passed  to  the  house  on  the  corner  of 
Main  and  Stout  Streets.  There  was  only  about  five  feet  distance  between 
this  house  and  Mr.  Beiser's  home,  but  this  house  on  the  corner  did  not 
burn.  However,  the  people  in  the  house  at  the  time  fully  believed  that  there 
was  no  chance  of  the  house  not  being  burned.  They  therefore  dropped  out 
of  the  second-story  window  onto  a  roof  lodged  in  a  tree  in  front  of  the 
house.  There  were  eleven  in  the  party  and  the  roof  was  not  very  large. 
Because  of  their  weight  the  roof  was  partly  submerged  and  they  were  stand- 
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ing  lip  to  their  ankles  in  water.  It  was  dark  at  this  time,  so  that,  from  Main 
Street  hill  where  I  was  standing,  I  could  not  see  their  perilous  condition,  in 
spite  of  the  fact  that  the  flames  lit  up  the  scene.  During  all  this  time  and 
during  all  that  night  the  rain  came  down  in  a  steady  downpour.  These  peo- 
ple stood  on  this  raft,  as  I  learned  later,  from  seven  o'clock  that  evening 
until  almost  seven  o'clock  the  next  morning.  Long  ropes  were  then  thrown 
to  them"  from  the  ice  cream  factory  on  the  opposite  side  of  the  street,  and  in 
this  manner  their  raft  was  tied  against  the  ice  cream  factory  and  the  party 
crawled  through  a  window  to  the  interior  of  the  latter.  It  is  thought  that 
as  a  result  of  the  exposure  of  that  night  one  of  the  party,  Mr.  Martz,  met  his 
death  a  short  time  later.  Out  of  the  first  72  hours  of  the  flood  I  slept  but 
four  hours,  and  these  four  hours  were  no  more  than  a  nightmare,  as  I 
dreamed  of  Mr.  Saettel,  Mrs.  Shunck,  and  my  father.  When  I  did  wake  up 
I  had  no  use  of  my  arms  as  I  had  been  rowing  a  bit  after  I  was  rescued. 
However,  after  some  rubbing  I  again  regained  their  use. 

At  the  National  Cash  Register  Co.  we  were  fed  for  three  days,  after 
which  time  we  went  to  a  private  family  in  order  to  make  room  for  others 
at  the  National  Cash  Register  Co.  The  Commissary  Department  of  the 
National  Cash  Register  Co.  served  about  2700  meals  a  day.  The  men  slept 
on  the  floor  and  chairs,  and  the  women  were  given  cots. 

The  following  letter  written  during  the  flood  by  Dr.  J.  C. 
Reeve,  to  his  daughter  in  New  York,  will  be  of  special  interest  to 
people  of  Dayton  who  know  of  his  many  years  of  activity  in  civic 
and  professional  affairs.  Its  brevity  is  due  to  the  stress  under  which 
it  was  written  and  to  the  fact  that  the  only  available  paper  was 
some  old  newspaper  wrappers.  The  original  is  in  possession  of  his 
daughter  "Mary,"  Mrs.  Robert  E.  Dexter,  who  lived  across  the 
river  in  Dayton  View  during  the  flood. 

At  that  time  Dr.  Reeve  was  87  years  old,  which  makes  all  the 
more  remarkable  his  wading  into  the  ice  cold  water  up  to  his 
shoulders.  His  wife,  his  only  companion,  was  ill  and  entirely  blind 
at  the  time.  Her  death,  a  month  later,  was  caused  in  part  by  the 
privations  which  she  suffered  during  the  flood : 

Wednesday,  March  26th,  10:15. 
Dear  Lottie: 

T  am  sitting  at  upper  window,  Mother's  room.  Outside  a  raging  torrent 
pours  down  Wilkinson  Street,  a  mighty  river  down  Third  Street  towards 
west.  No  human  being  in  sight,  no  sign  of  life — silent  as  the  grave.  Below, 
piles  on  piles  of  wreckage,  a  fine  piano  lying  in  our  yard!  Fortunately, 
yesterday,  7  a.  m.,  I  had  gotten  breakfast  at  Arcade,  oatmeal  and  coffee. 
Brought  some  to  Mother. 

The  danger  whistles  had  sounded  before  I  was  up,  I  supposed  for  break 
of  levee.  I  did  not  care  much,  did  not  think  of  possibilities,  not  even  when 
water  came  in  yard.  I  banked  on  great  flood  of  '66  when  this  lot — house 
not  then  built — stood  high  and  dry,  while  all  around  was  overflowed. 

Now  it  came  so  fast  I  had  to  hustle  to  get  Mother  to  the  stairs.  Now, 
since  last  evening  it  has  fallen  nearly  four  inches,  and  as  we  passed  last  night 
in  total  darkness  (piece  of  candle  two  or  three  inches  long),  I  made  an  effort 
to  get  my  lamp  from  back  office.  I  stripped  to  the  buff,  got  down  to  last 
step,  dared  not  take  the  next,  so  cold,  room  so  full  of  floating  furniture  that 
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I  could  not  have  made  my  way  through  it  to  the  lamp.  I  was  in  to  my  arm- 
pits! We  have  a  good  supply  of  crackers,  a  few  nuts,  a  few  apples.  This 
morning  young  men  from  roof  on  house  next  west  gave  us  coffee.  Mrs. 
S.  J.  P.  could  reach  to  them  and  they  to  us»  eggs  and  shredded  wheat.  We 
have  no  water,  no  light,  no  salt  for  egg.  no  telephone  connection,  no  cars, 
no  papers — nothing!  Yes,  we  have  natural  gas  and  know  how  to  appreciate 
it.  Neither  one  next  door  has  it.  I  boiled  an  egg  soft  for  Mother,  first  thing 
she  has  kept  down.     Have  some  hard-boiled  for  my  dinner. 

Mary,  we  know,  is  worrying  fearfully.  We  can  get  no  word  to  her  or 
from  her.  The  front  and  side  of  our  house  is  a  raging  torrent — a  sea  up  to 
Callahan  building.  Two  street  cars  stand  in  front  of  old  Winters'  house, 
water  just  over  the  tops  of  their  windows.  Inside  house,  water  went  over 
mantels — you  know  the  rest!  All  night  in  the  darkness  the  crashing  and 
creaking  of  furnace  pipes  in  cellar,  the  banging  of  furniture  floating  about 
below.     I  could  not  sleep — do  you  wonder? 

Pitiful  to  see  the  horses  swimming  for  their  lives;  no  foothold  for  them. 
Four  yesterday,  and  now  one  has  just  struggled  along  and  been  swept  down 
Third  Street. 

3:00  p.  m.  Five  hours,  water  evidently  falling.  Yesterday  at  3  reached 
highest,  just  cleared  globes  of  electric  light;  was  there  when  night  closed. 
Now,  two-thirds  of  the  lamp  post  is  visible. 

Still  two  currents  rage  and  swirl  and  eddy  along,  one  from  North  Wilkin- 
son, the  other  from  East  Third  Street,  joining  forces  here.  They  have  swept 
a  long  section  of  board  fence  and  placed  it  right  across  this  corner,  so  shield- 
ing the  corner  of  house,  sending  one  down  West  Third,  the  other  South 
Wilkinson.  But  for  this.  I  don't  think  I  should  be  writing  this  now!  I 
dined  on  a  hard  boiled  egg  and  two  crackers,  Mother  on  soft  boiled 
egg  and  a  little  of  the  coffee,  black,  no  sugar,  no  milk  —  neither 
attractive  nor  appetizing.  We  glory  in  our  fire,  and  just  think  what 
a  find!  a  teakettle  full  of  rain  water  on  bathroom  stove  and  forgotten!  Now 
we  can  drink!  You  have  to  get  down  to  bedrock  to  appreciate  such  a  find  as 
that!  I  have  lain  down  a  good  deal;  slept  none,  but  am  very  tired.  I  will 
sleep  belter  tonight:  the  noises  have  all  stopped  and  I  can  close  my  eyes 
with  the  firm  assurance  that  the  house  will  be  standing  in  the  morning. 

Two  men  in  boat  and  canoe  have  passed  several  times,  but  did  not  appear 
anxious  to  find  out  if  anyone  wanted  anything.  It  rains  by  times,  just  to 
make  it  more  cheerful!  All  is  still,  quiet,  desolation,  and  ruin!  Your  mother 
is  a  wonderful  woman — not  a  word  of  complaint  or  fear  has  she  uttered,  not 
even  one  of  anxiety. 

5:00  p.  m.  As  if  one  calamity  were  not  enough,  for  half  an  hour  I  have 
been  watching  the  flames  of  a  fire,  the  highest,  finest  flames  I  ever  saw.  A 
man  in  canoe  says  it  is  east  of  the  Beckel.  Where  will  it  stop?  Night  is 
falling.     Good  night. 

Thursday,  9:00  a.  m.  Went  to  bed  saddened  by  beating  rain  against 
windows,  by  glare  of  light  from  flames  up  Third  Street.  By  fact  that  we  had 
lost  our  comforter — natural  gas  would  burn  no  more!  Had  a  long,  sound, 
refreshing  sleep;  wakened  by  light  streaming  in,  rushed  out  to  look  up 
stream  and  see  the  fire  blazing  up^great  tongues  of  flame.  The  whole  block 
must  be  burning.  That  was  3:15  a.  m.  Another  good  sleep;  wake  at  6, 
driving  snow,  all,  everywhere  white  where  snow  could  rest.  Outside,  all 
water,  but  moving  very  sluggishly  now.    Top  of  fence  just  visible;  no  sign 
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of  life;  all  desolation  and  ruin.  I  know  the  meaning  of  the  words  nowl  The 
Taylors,  next  door  west,  called  us — did  we  want  anything?  Yes,  coffee. 
They  made  us  a  pot;  by  long  reaching,  both  sides,  we  can  just  get  to  each 
other.  They  sent  sandwiches,  too,  which  £.  cannot  eat,  and  I  do  not  want. 
I  had  cup  of  coffee,  then  a  raw  egg  beaten  up  with  whiskey  and  a  little 
water.  I  was  glad  to  give  the  T's  whiskey.  I  have  plenty — thanks  to 
J.  A.  McM. 

Then  next  for  fire.  Got  with  difficulty  some  of  the  bricks  out  which 
block  natural  gas;  broke  up  paper  boxes  and  few  thin  box  tops!  Ohl  if  I 
had  hatchet  or  axe;  there  are  book  shelves  plenty,  fuel  plenty,  but  efforts  to 
break  and  pull  show  me  how  feeble  I  am.    I  just  had  to  lie  down. 

9:30  a  .m.  Sitting  here  at  window  saw  rapidly  coming  down  East  Third 
Street  a  boat — man  and  woman  in  stern  saluting  with  hands;  window  hard  to 
get  up.  Just  had  time  to  hear  the  shout:  "Mr.  and  Mrs.  Penfield."  He 
called,  "Do  you  want  anything?"  I  said,  "No,  not  much,"  and  they  were 
gone.  Now,  they  live  a  few  squares  from  Mary.  I  hope  they  will  give  her 
word.  Evidently  they  were  in  doctor's  office  down  town,  imprisoned,  just 
getting  home.  Our  other  neighbor,  Patterson,  is  at  his  office;  Mrs.  P.  shut 
up  here.  I  have  drunk  a  little  more  hot  coffee,  but  mouth  and  throat  are  so 
dry,  I  cannot  eat.    Next! 

11:30  a.  m.  Sky  cleared.  Sun  shining.  Can  see  our  yard  where  uncov- 
ered by  wreckage.  Water  all  out  of  front  room,  but  several  inches  of  slime 
and  mud  prevent  my  going  to  foot  of  stairs.  Furniture  piled  in  heaps  in 
front  and  towards  bay  window.  Down  office  stairs;  back  office  not  yet  clear 
of  water;  furniture  piled  in  heaps.  Think  by  night  I  can  get  lamp.  Boats 
pass  often  now;  have  brought  food  for  men  in  Y.  W.  C.  A. 

4:45  p.  m.  Thursday.  Things  clearing  up;  skies  brighter;  sunshine  some- 
times. Two  offers  to  take  us  to  Dayton  View,  one  by  boat  from  Dr.  Henry, 
next  from  Red  Cross.    Mother  refused  to  go. 

Men  walking  on  tracks.  Water  just  to  ankles.  Inspecting  track,  I  sup- 
pose. We  have  done  well  enough  for  food.  The  Taylors  sent  in  big  piece 
of  bologna,  fresh  bread,  coffee.  Mother  can  eat  nothing.  Drinks  coffee. 
What  we  want  most  is  milk  for  her.  At  4  I  stripped  and  went  to  the  lower 
regions,  the  office  below;  there  is  a  shorter  word!  Got  the  lamp;  coal  oil 
can  gone;  got  hatchet;  have  cut  up  some  bed  slats  and  have  more,  so  fuel  is 
provided  for.  All  floor  below,  everything  covered  with  mud,  slime — so 
sticky  can  hardly  get  feet  out  of  it.  Such  a  sight  below!  Furniture  over- 
turned— piled  in  heaps. 

Dr.  Huston,  in  Red  Cross,  offered  to  take  us  to  Dayton  View — this,  the 
second  offer — Mother  refused  to  go.    He  promised  to  get  word  to  Mary. 

Friday,  3d.  Night  passed.  Fourth  day  dawned.  My  toilet — rub  face  with 
wet  end  of  towel.  Great  disappointment  last  night.  Lamp,  that  I  made  such 
a  perilous  trip  to  get,  would  not  burn!  Could  not  sleep;  thoughts  of  this, 
near  and  remote,  on  us  and  others  in  city  of  Dayton,  kept  me  awake  hours. 
This  morning  shows  streets  and  sidewalks  are  clear.  Now,  11  a.  m.,  have 
talked  with  friends  in  street.  A  man  from  next  door  got  in  by  ladder  from 
roof  to  window;  he  has  knocked  book  shelves  up. 

Dr.  Evans  has  brought  from  depot  a  bucket  of  coal — so  we  are  well  off. 
Mrs.  P.  has  given  bouillon  cubes;  next  door  evaporated  milk.  Mother  will 
not  drink  it. 
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I  have  been  down.  No  imagination  can  depict  the  ruin,  the  wreck.  Mud, 
sticky  mud,  pulls  rubbers  off.  Piano  overturned.  Everything  upset,  and 
wrecked.  Sun  shining  now — glorious!  A  trip  down  to  get  water,  and  I  only 
just  got  back;  dropped  on  floor  and  lay  a  good  while  before  I  could  get  up. 

Friday,  third  day,  evening  approaching.  I  cannot  write  much  today. 
Have  had  fire  all  day  and  natural  gas  promised  for  tomorrow.  Wish  you 
could  see  me.  Went  with  great  difficulty  to  kitchen  pump  for  water;  just 
reaching  stairs  when  narrow  board  underfoot  turned  and  I  went  down  into 
slime.  You  should  see  my  clothes.  I  am  faint,  mouth  and  throat  so  dry  I 
cannot  eat. 

Streets  full  of  people.  Have  just  had  word  that  Charley  is  at  Lebanon  in 
hotel.  Am  told  that  city  is  under  martial  law;  see  lots  of  badges  on  street. 
But  how  fine  is  the  sunshine  all  day.  Mother  keeps  about  on  her  feet.  How 
she  lives  I  cannot  imagine;  she  eats  so  little. 

Saturday,  10:00  a.  m.  Soon  after  I  wrote  last  Robert  came  with  wagon 
to  get  us  to  Dayton  View.  I  got  downstairs,  but  had  to  be  lifted  into  wagon. 
Dr.  Henry  fortunately  came  at  same  time  and  he  carried  Mother  down  and 
over  the  slimy,  slippery  steps.  We  rode,  my  head  lying  in  one  young  woman's 
lap;  Mother's  in  another.  Water  too  deep  in  places  for  carriage.  We  got 
here  safely.  Oh!  the  luxury  of  washing  face  and  neck,  and  of  hot  milk! 
Dayton  View  is  a  huge  relief  station;  school  house  headquarters,  full  and 
more  coming.  Good  organization;  military;  no  going  about  without  pass. 
Our  rescue  came  none  too  soon.  I  feel  certain  that  I  could  not  have  got 
through  another  night.  I  have  now  for  memory  the  recollection  of  a  great 
calamity,  second,  perhaps,  to  the  Titanic,  but  to  none  other. 

With  love  to  all, 

.      FATHER. 

The  following  account,  by  a  Bell  Telephone  employee  who  was 
marooned  in  the  Exchange  at  Dayton,  indicates  the  part  played  by 
the  telephone  during  the  flood : 

Owing  to  the  fact  that  rain  fell  for  several  days  previous  to  the  dreadful 
climax,  considerable  apprehension  was  felt  by  many  people  in  touch  with  the 
situation.  Mr.  E.  T.  Herbig,  traffic  chief  of  the  Bell  exchanges,  had  in- 
structed his  chief  operators  to  keep  him  fully  advised  at  all  times  of  the  day 
and  night  of  anything  out  of  the  ordinary  which  might  possibly  occur.  The 
conditions  becoming  alarming  from  the  reports  received  by  the  operators, 
Mr.  Herbig  was  called  at  3:50  a.  m.  on  the  day  of  the  flood  and  promptly 
reached  the  office.  *  *  *  ♦  Observing  that  the  night  force  would  be 
unable  to  cope  with  the  situation,  one  of  the  traffic  men  ordered  taxicabs 
and  busses  to  bring  as  quickly  as  possible  to  the  office  all  employes  within 
possible  reach.  The  regular  night  force  of  girls  was  thus  increased  to 
twenty-six. 

The  abnormal  situation  above  mentioned  was  due  to  the  fact  that  over 
the  entire  city  alarms  in  the  nature  of  fire  bells  and  factory  whistles  were 
being  sounded,  warning  people  of  the  approaching  disaster  and  causing  them 
to  communicate  with  each  other.  The  story  they  told  was  that  the  levee  in 
North  Dayton  and  Riverdale  had  already  broken,  and  that  the  levee  protect- 
ing the  downtown  district  and  the  West  Side  would  probably  break  soon. 
Hence,  the  reader  can  imagine  the  almost  constant  use  of  the  telephone  in 
warning  and  advising  friends  of  the  danger  about  to  occur.    In  fact,  by  six 
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o'clock  the  water  began  to  run  down  Ludlow  Street,  in  front  of  the  exchange. 
It  was  rising  in  our  basement  where  our  batteries  and  charging  apparatus 
are  located.  The  switchboard  was  ablaze  with  lights,  and  as  a  precaution 
against  fire  the  main  fuse  was  removed  at  9:20.  Thus  all  means  of  com- 
munication over  the  telephone  in  all  sections  of  the  city  were  severed. 

*  *  *  *  With  twenty  girls  and  fourteen  men  trapped  as  we  were  in 
the  building,  a  resolution  was  made  at  the  start  that  every  girl  and  every 
man  would  stick  together  and  contribute  what  she  or  he  could  to  help  along, 
no  matter  how  serious  the  situation  grew.  ♦  ♦  *  ♦  About  four  o'clock 
in  the  afternoon  the  matter  of  food  supply  for  forty  people  claimed  our  ser- 
ious attention.  Mr.  Whitten  finally  conceived  a  scheme  which  later  proved 
to  be  our  benefactor.  A  cord  was  thrown  across  to  the  Y.  M.  C.  A.  building 
upon  which  a  basket  was  pulled  back  and  forth  as  needed.  By  this  means 
we  were  able  to  secure  at  about  half  past  five,  forty  sandwiches,  which  was 
our  total  food  supply  on  the  first  day.     ♦     ♦     ♦     ♦ 

Early  next  morning  (Wednesday)  the  windows  were  approached  with  a 
feeling  of  hope  that  the  water  had  begun  to  recede,  but  it  was  stationary  at 
its  maximum  depth  of  twelve  feet  in  Ludlow  Street  in  front  of  the  main 
exchange  building.  During  the  morning  nothing  was  received  to  eat  or 
drink,  as  the  food  supply  at  the  Y.  M.  C.  A.  was  limited,  as  they  themselves 
were  housing  about  300  people.    *    *    *    * 

About  ten  o'clock  on  this  morning  the  information  had  been  given  to  us 
that  a  fire  was  raging  just  west  of  the  river  in  Miami  City — soon  afterward 
it  was  discovered  that  a  fire  had  started  on  East  Third  Street,  in  the  block 
between  Jefferson  and  St.  Clair  Streets,  the  second  block  from  the  Bell  office. 
This  did  not  cause  a  great  amount  of  excitement  at  the  time,  the  chief  in- 
terest of  our  people  being  centered  in  the  turbid,  seething  waters  carrying 
furniture,  fences,  parts  of  houses,  horses  and  other  live  stock  down  Ludlow 
Street.     *    *    *     ♦ 

During  all  the  day  Mr.  Bell  was  in  constant  communication  with  Mr. 
Reed  and  Governor  Cox,  keeping  in  touch  with  the  situation.  As  the  after- 
noon progressed,  from  the  roof  of  our  building  the  fire  seemed  to  be  spread- 
ing and  growing  fiercer.  As  darkness  approached,  the  waters  having  receded 
to  a  depth  of  about  four  feet,  the  fire  began  to  sweep  the  entire  square  in 
which  it  originated.  With  a  fierce  wind  blowing,  and  nothing  to  combat  it, 
it  seemed  that  this  horrible  element  was  destined  to  destroy  the  entire  down- 
town business  district.  Shifts  of  two  men  were  organized  to  go  to  the  roof 
at  20-minute  intervals  and  secure  information  from  the  Algonquin  Hotel 
and  the  Y.  M.  C.  A.,  who  in  turn  had  received  it  from  the  people  on  the  top 
of  the  Arcade  and  Phillips  House,  as  to  what  progress  the  fire  was  making. 

It  seemed  a  godsend  when  that  sleeting,  cold  rain  began  to  fall,  thor- 
oughly wetting  the  roofs  of  many  business  places  and  residences,  great 
numbers  of  which  would  undoubtedly  have  been  ruined  had  the  night  been 
dry  with  the  strong  wind.  This  was  the  worst  night  of  all  for  those  con- 
fined in  the  building.    *    *    *    * 

The  night  having  passed  and  the  morning  (Thursday)  having  dawned 
cold  and  bleak,  snow  being  on  the  roof,  the  waters  still  slowly  subsiding, 
the  necessity  for  food  became  most  pressing.  It  was  at  this  juncture  that 
one  of  our  men  volunteered  to  strike  out  and  return  with  whatever  he  could 
obtain  which  might  relieve  the  situation.  A  case  of  grape  fruit  and  some 
canned  goods  were  the  results  of  his  efforts.    They  were  received  in  a  most 
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welcome  way.  *  *  *  *  During  the  day  more  provisions  were  obtained 
so  that  further  suflFering  was  avoided.  ♦  ♦  *  *  The  day  and  night 
passed  more  quickly  on  account  of  the  feeling  of  assurance  that  on  the  fol- 
lowing day  (Friday)  the  building  could  be  left.  This  the  operators  did  at 
about  9  o'clock  and  hurried  to  their  homes,  having  been  confined  three  long 
days  and  nights. 

On  Wednesday  Governor  Cox  had  ordered  Mr.  Bell  to  use  every  possible 
means  of  locating  General  George  H.  Wood  and  bringing  him  to  the  ex- 
change in  order  that  the  Governor  could  communicate  his  orders  to  him. 
After  considerable  effort  he  was  located  doing  valuable  rescue  work,  having 
met  with  an  accident  by  his  boat  capsizing,  nearly  costing  him  his  life. 
General  Wood  at  once  reported  to  the  Governor  by  telephone  from  the  test 
panel.  Immediately  upon  orders  from  the  Governor  the  first  steps  were 
taken  to  establish  military  authority  and  the  city  declared  under  martial  law. 
Arrangements  were  made  by  the  general  to  establish  his  headquarters  on 
the  second  floor  of  the  Bell  telephone  building,  and  it  was  from  this  point 
that  all  operations  in  bringing  about  an  efficient  organization,  and  all  direct- 
ing of  important  movements  were  made.  Headquarters  were  maintained  in 
the  Bell  telephone  building  for  about  a  week,  and  no  effort  was  spared  by 
all  to  afford  every  possible  aid  to  the  general  and  his  staff  in  bringing  about 
a  condition  of  hopefulness  out  of  one  of  chaotic  confusion. 

The  Flood  at  Hamilton 

Similar  conditions  to  a  greater  or  less  extent  existed  in  all  of  the 
cities  of  the  valley.  In  proportion  to  its  size  the  city  of  Hamilton 
probably  suffered  more  seriously  than  any  other.  The  following 
account  of  the  rise  of  the  f^ood  there  is  condensed  from  a  descrip- 
tion given  by  a  reporter  of  the  Republican-News : 

On  Monday  evening,  March  24,  about  five  o'clock  in  the  evening,  there 
was  a  noticeable  increase  in  the  waters  of  the  Great  Miami,  and  the  gage 
showed  a  rise  of  almost  three  feet  during  the  next  three  hours. 

During  the  night  the  river  rose  steadily  and  at  seven  o'clock  the  follow- 
ing morning  the  gage  showed  a  stage  of  nineteen  and  one-half  feet,  within 
four  feet  of  the  stage  of  *98.  Shortly  after  eight  o'clock  on  the  morning  of 
Tuesday,  March  25,  in  a  hard  downpour  of  rain,  a  Republican-News  re- 
porter left  the  office  to  make  a  round  of  the  flood  district. 

The  basement  of  the  Ohio  Electric  Power  plant  had  about  five  feet  of 
water  in  it.  On  Pascal  Avenue,  residents  of  Peck's  addition  and  the  adjoin- 
ing district  were  watching  others  try  to  rescue  members  of  their  family  and 
their  live  stock.  Houses  were  then  mostly  inundated,  the  levee  at  the  out- 
let of  the  Crawford's  Run  sewer  was  slowly  being  washed  away,  and  condi- 
tions were  such  as  had  not  been  experienced  there  for  fifteen  years.  On 
South  Avenue  the  representative  of  the  Republican-News  met  Charles  Smith 
of  the  West  Side  Motor  Company,  who  was  viewing  the  flood,  and  together 
they  motored  to  all  parts  of  the  city.  The  river  in  the  lower  Second  Ward 
was  rising  with  amazing  rapidity,  and  a  street  that  was  dry  one  minute 
would  be  covered  five  minutes  later.  They  crossed  the  river  on  the  Colum- 
bia Bridge  to  Millikin  Street  on  A  and  then  to  B  Street.  Conditions  were 
the  same  everywhere.  Mr.  Smith  then  drove  the  car  to  the  Cullen  and 
Vaughn  lumber  yard.     When  he  had  been  there  within  an  hour  previous 
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B  Street  at  that  point  was  dry,  but  it  was  now  covered  with  from  one  lo 
several  feet  of  water.  Workmen  were  trying  to  anchor  the  lumber  so  thai 
it  would  not  float  away,  but  iheit  labors  were  futile.  The  shops  over  the 
city  were  beginning  to  close  al  this  time,  but  no  one  thought  of  ihe  calamity 
rushing  upon  the  city. 

Returning  to  Main  Street  at  nine  o'clock,  they  drove  again  lo  High  and 
Main  Street  Bridge,  where  hundreds  of  people  were  watching  the  flood. 
The  gage  showed  a  rise  of  over  two  feet  since  seven  o'clock.  The  trip  was 
then  extended  to  Front  Street  and  north  on  Front  to  Buckeye  Street  to 
Second  and  then  to  Black  Street.  On  Front  Street  the  Hydraulic  was  over- 
flowing onto  Ihe  street,  and  quantities  of  debris  and  a  shed  floated  by  in  the 
river.  The  shed  crashed  against  the  bridge.  Returning  to  the  automobile, 
it  was  found  to  be  in  several  inches  of  water,  where  ten  minutes  previously 
it  had  been  almost  a  foot  out  of  water. 


FIG.   23.— HIGH   STREET,  HAMILTON,  AT  D.WBREAK 

MARCH  2fi.  1913. 

Taken  when  flood  was  near  crest.    The  depth  may  be  judged  from  the  street 

lamps  which  just  clear  the  water  surface. 

A  few  minutes  later  they  drove  back  to  Vine  Street  and  out  on  Vine  to 
Fifth  Street.  Stopping  the  car  there  they  proceeded  north  to  the  Pennsyl- 
vania Railroad  trestle.  Water  at  that  time  was  touching  the  ties  of  the 
trestle.  Railroad  men  were  deserting  their  places  and  hurrying  down  appar- 
ently to  safety.  It  was  feared  that  every  minute  the  trestle  would  go  down. 
All  trains  had  been  stopped  on  both  the  C,  H.  &  D.  and  the  Pennsylvania, 
and  a  switch  engine  was  refused  passage  south  of  the  north  line  of  the 
Pennsylvania  trestle.  A  terrific  roaring  to  the  north  and  east  sounded  as 
though  a  tidal  wave  was  rushing  and  crushing  down  the  valley.  Water  was 
overflowing  the   banks  of  the   reservoir.     The  automobile  wns  then   driven 
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rapidly  to  Front  Street.  There  was  water  everywhere.  Every  street  from 
Fifth  to  Front  had  become  a  rising  rivulet  which  was  soon  to  be  a  raging 
torrent  of  water  carrying  debris,  houses,  and  human  beings.  Returning  to 
Front  Street  within  three-quarters  of  an  hour  after  they  had  left  it,  it  was 
found  that  the  water  had  risen  over  a  foot  and  that  frightened  people  were 
hurrying  to  and  fro,  unable  to  appreciate  the  impending  danger,  and  unable 
to  conceive  a  flood  in  Hamilton  that  would  get  into  their  homes. 

The  flood  at  that  time,  shortly  after  ten  o'clock,  was  on  Front  Street,  the 
north  end  of  other  streets  to  Fifth  Street,  but  had  not  yet  got  below  the 
Niles  Tool  Works  except  on  Fourth  Street.  The  water,  however,  had  flowed 
down  Fourth  Street  and  down  Market  Street,  and  was  flowing  into  the 
cellars  of  the  plants  of  the  Bender  Company,  the  Hooven,  Owens,  Rentschler 
Company,  the  Republican  Publishing  Company,  and  was  making  straightway 
for  the  river.  The  district  between  Market  Street  and  the  Niles  Tool  Works, 
and  between  Front  and  Fourth  Streets,  was  at  that  time  an  island.  How- 
ever, it  was  not  destined  to  remain  long  as  an  island.  At  this  hour  the  police 
had  closed  the  High  and  Main  Street  bridge,  and  refused  to  allow  anyone 
to  go  over  either  way.    Thousands  of  people  were  on  each  side  of  the  river. 

The  Republican-News  at  that  time  had  decided  that  it  would  be  impossi- 
ble to  publish  a  paper  on  that  day,  and  the  energies  of  the  force  was  put  to 
saving  stock  and  valuable  paper  in  the  basement.  At  eleven  o'clock  it  was 
impossible  to  get  to  the  plant  from  High  Street.  Market  Street  was  a  raging 
torrent,  as  were  also  Fourth  Street  and  Front  Street.  The  water  was  flowing 
down  Fifth  and  Dayton  Streets  with  unprecedented  rapidity.  Men  were 
hurrying  about  in  wagons  searching  for  boats  to  rescue  people  in  the  lower 
end  of  the  Second  Ward,  but  every  available  boat  in  the  city  had  been 
pressed  into  service,  and  hundreds  of  automobiles  were  being  rushed  about 
the  city  taking  people  to  their  homes. 

At  11:30  o'clock  the  water  began  running  down  Second  and  Third  Streets, 
and  began  threatening  the  entire  north  end  of  the  city.  The  district  known 
as  Italy,  near  the  American  Can  Company  plant,  was  flooded  and  the  real 
damage  of  the  rising  waters  was  beginning.  In  all  parts  of  the  city  people 
were  hurrying  to  the  groceries  and  meat  stores  laying  in  supplies  of  edibles. 
Fifteen  minutes  later  there  was  a  foot  of  water  on  Third  and  Second  Streets, 
and  it  w^as  difficult  to  cross  either  thoroughfare  because  of  the  strong  cur- 
rent. By  noon  there  was  not  a  dry  place  in  the  territory  from  Sixth  Street 
to  the  river  and  north  of  Market  Street.  From  one  to  five  feet  of  water 
covered  the  entire  district,  and  the  Second  Ward  was  getting  the  back  waters 
of  the  river.  Residents  in  the  inundated  districts  were  carrying  their  furni- 
ture to  the  second  floors,  always  believing  that  every  minute  would  see  the 
flood  beginning  to  recede.  The  impression  prevailed  in  the  early  hours  of 
the  flood  that  a  reservoir  had  burst  and  that  the  waters  would  subside  as 
quickly  as  they  had  risen.  About  1:30  o'clock  the  river  had  reached  such  a 
stage  that  the  waters  were  rapidly  and  noisily  creeping  over  High  Street. 
The  basements  of  all  the  stores  on  the  north  side  of  High  Street  were 
flooded  long  before  this  however,  and  many  thousands  of  dollars  of  damage 
had  been  done.  Easter  stocks  which  were  still  in  the  basement  had  been 
ruined.  The  water  rose  rapidly  until  about  ten  o'clock  at  night.  Stages 
varied  in  different  parts  of  the  city  according  to  the  elevation  of  the  district. 
The  continuous  rain,  the  strong  wind,  and  the  rushing  waters  kept  the  city 
in  a  state  of  terror. 
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Shortly  after  ten  o'clock  at  night  it  was  noticed  by  those  who  had  kept 
hourly  and  half-hourly  measurements  that  the  rise  was  not  as  rapid  as  it  had 
been  an  hour  before.  It  was  noted  that  at  one  o'clock  in  the  morning  of 
Wednesday,  March  26,  that  the  waters  were  at  a  standstill.  There  was  little 
change  in  the  stage  until  about  three  o'clock  in  the  morning  when  the  least 
perceptible  decrease  was  noticed.  This  fall  in  the  waters  continued  at  an 
increasing  rate  from  that  hour,  and  at  six  o'clock  on  the  morning  of  Thurs- 
day, March  27,  it  was  possible  to  wade  along  parts  of  North  Third  Street. 
During  that  day,  and  until  now,  the  water  has  receded  until  the  Miami  River, 
five  days  ago  leaving  its  banks  and  carrying  death  and  destruction  along  the 
Miami  Valley,  has  about  resumed  its  peaceful  whirl  down  the  old  channel. 

THE  PASSING  OF  THE  FLOOD 

Along  the  lower  Mississippi  floods  arrive  and  depart  gradually. 
When  the  weather  observers  along  the  river  report  high  water  at 
Pittsburgh  or  Cincinnati,  with  promise  of  high  water  at  and  below 
Cairo,  the  levee  system  is  put  under  careful  guard.  Day  after  day 
the  water  rises,  a  few  feet  a  day  at  the  lower  stages  and  a  few 
inches  a  day  at  the  crest.  The  levee  system  is  in  danger,  and  for 
days  or  weeks  the  population  behind  the  levees  live  in  suspense,  not 
knowing  whether  the  levees  will  hold.  When  a  break  occurs  the 
water  rushes  through  in  enormous  volume,  but  great  areas  of  low 
country  serve  as  reservoirs,  and  days  pass  before  water  from  the 
break  covers  the  whole  basin.  As  a  rule  very  few  lives  are  lost, 
and  most  live  stock  is  saved.  Then  follows  a  long  period  of  inun- 
dation, as  the  water  falls  a  few  inches  or  a  few  feet  each  day. 

Floods  in  the  Miami  Valley  are  as  precipitous,  both  in  coming 
and  going,  as  those  on  the  lower  Mississippi  are  slow.  At  Piqua 
people  went  to  sleep  at  night  and  were  caught  in  their  houses.  At 
Dayton  clerks  went  to  town  in  the  morning  and  were  caught  in  the 
stores.  After  three  days  of  flood  the  river  was  back  in  its  channel 
through  the  cities,  except  for  a  few  particularly  low  areas,  such  as 
the  southeast  part  of  Piqua,  known  as  Shawnee,  and  the  south  part 
of  Hamilton,  known  as  Peck's  addition,  where  the  water  remained 
for  about  a  day  longer. 

A.  M.  Kittredge  was  marooned  in  his  residence  at  217  North 
Ludlow  Street  in  Dayton.  While  waiting  for  the  flood  to  pass  he 
performed  a  valuable  service  by  recording  the  height  of  the  water 
at  half  hour  intervals,  from  about  noon  on  Tuesday  until  about  ten 
o'clock  on  Wednesday  forenoon.  The  diagram,  figure  23,  indicates 
the  rise  and  fall  of  the  flood  crest.  It  will  be  noted  that  at  this  point 
the  rise  from  2  p.  m.  on  Tuesday  until  the  crest  near  midnight  was 
less  than  a  foot.  At  the  Miami  Commercial  College  Mr.  Pickering, 
measuring  the  water  on  the  stairway  every  hour,  noted  it  as  reach- 
ing the  crest  at  1 :15  a.  m.  During  the  following  hour  it  fell  half  an 
inch,  and  between  2:15  and  3:15  the  fall  was  about  V/i  inches. 
Near  the  east  margin  of  the  flood  one  observer  watched  the  prog- 
ress of  the  water  on  a  gate  at  Garden  Street.  From  noon  until  dark 
the  rise  hdre  was  slow,  and  on  the  following  morning  the  water  was 
approximately  two  inches  higher  than  at  dusk  the  night  before. 
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Figure  23  also  indicates  the  rise  and  fall  of  the  flood  crest  at  Ham- 
ilton. 

By  Wednesday  evening  relief  work  in  Dayton  had  been  organ- 
ized at  the  plant  of  the  National  Cash  Register  Company.  An 
organization  of  the  company's  employees  had  been  effected,  with 
particular  men  assigned  to  the  caring  for  heat,  water,  light,  medical 
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DURING  THE  FLOOD  OF  MARCH,  1913. 

and  housing,  finance,  provisions  and  supplies,  boats  and  automo- 
biles, and  vigilance  police.  Until  the  flood  waters  had  passed  this 
group  could  work  only  along  the  southeast  margin  of  the  flooded 
area. 

Wednesday  morning  one  of  the  telephone  operators  at  Phoneton, 
a  station  on  the  trans-continental  telephone  line  a  few  miles  north 
of  Dayton,  drove  to  North  Dayton  with  a  "test  set."     There  he 
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found  Major  Leon  Smith  of  the  Ohio  National  Guard  organizing  a 
citizens  relief  committee,  and  by  means  of  the  test  set  put  him 
into  telephone  connection  with  the  Adjutant  General's  office  at 
Columbus  at  12 :40  p.  m.  on  Wednesday. 

On  Thursday,  March  27,  a  number  of  citizens  in  the  part  of 
South  Dayton  which  was  not  flooded  held  a  meeting  and  organized 
a  citizens  relief  committee.  John  H.  Patterson,  president  of  the 
National  Cash  Register  Company,  was  made  president,  and  W.  F. 
Bippus,  secretary  and  treasurer.  Governor  Cox  immediately  noti- 
fied the  militia  of  Mr.  Patterson's  selection,  and  ordered  it  to  com- 
ply fully  with  the  general  policy  outlined  by  the  committee.  Ad- 
jutant General  George  H.  Wood  of  the  National  Guard  gave  orders 
on  the  28th  that  Mr.  Patterson's  orders  would  "be  honored  by  all 
posts  of  the  National  Guard."  The  governor  also  appointed  H.  E. 
Talbott  as  Chief  Engineer  officer  of  the  district. 

On  Tuesday  night  at  Piqua,  and  on  Thursday  afternoon  at 
Dayton  reports  were  circulated  that  the  Loramie  Reservoir  had 
broken  and  would  flood  the  cities  to  a  still  greater  depth.  These 
reports  caused  panics,  and  many  people  fled  to  higher  ground. 

The  work  of  the  Ohio  National  Guard  during  and  after  the  flood 
was  of  very  great  benefit.  Three  of  these  reports  are  given  here  as 
furnishing  accurate  records  of  occurrences  from  as  many  different 
viewpoints.  The  report  to  the  Governor  of  Brigadier-General 
George  H.  Wood  gives  such  a  clear  impression  of  conditions  in 
Dayton  that  it  is  reproduced  here  in  full : 

*  4t  4i  «  *  «  4t 

I  was  in  the  City  of  Dayton  on  the  morning  of  March  25,  having  gone 
there  to  conduct  an  examination  for  commissions,  and  had  started  for  the 
depot  a  little  after  seven  o'clock  a.  m.  to  take  a  train  for  Columbus,  when  1 
learned  that  the  civil  authorities  in  Dayton  had  called  out  the  available 
organizations  of  the  Ohio  National  Guard  to  assist  them  in  the  work  of 
rescue.  I  at  once  went  to  the  City  Hall  and  conferred  with  the  highest  civil 
authority  present  at  that  time  and  place,  and  received  from  him  a  verbal 
official  request  to  mobilize  such  troops  of  the  Ohio  National  Guard  as  were 
available  for  duty.  I  then  sought  information  respecting  the  situation  from 
various  sources,  and  was  informed  that  the  river  had  been  rising  rapidly, 
that  large  portions  of  North  Dayton  and  Riverdale  were  submerged,  that 
there  were  breaks  in  the  levee  along  Mad  River  which  had  let  the  water  in 
over  portions  of  the  eastern  and  southern  parts  of  the  City  of  Dayton,  and 
that  the  railroad  bridge  at  Sixth  Street  was  damming  the  river  and  threaten- 
ing the  levees  on  both  its  sides. 

At  7:45  a.  m.  a  detachment  composed  of  men  of  Companies  G  and  K. 
Third  Infantry,  reported  to  me,  and  at  the  request  of  the  police  department, 
were  by  me  sent  north  along  the  levee  to  collect  the  boats  at  White  City 
and  Y.  M.  C.  A.  Park.  Shortly  after,  about  eight  a.  m.,  Captain  Deaton  and 
a  detachment  of  Company  C,  Ninth  Infantry,  reported,  and  were  sent  to 
assistance  of  Sergeant  Johnson  of  the  police  force  at  the  Keowee  Street 
bridge  for  duty  in  North  Dayton.  Up  to  this  time  I  had  seen  none  of  the 
civil  authorities  except  Sergeant  Fair  of  the  Police  Department,  but  a  little 
after  eight  o'clock  I  met  Director  Dodds  of  the  Department  of  Public  Safety, 
and  acted  with  him  until  all  work  was  stopped  by  the  flood. 


THE  MIAMI  VALLEY  AND  THE  1913  FLOOD  73 

Director  Dodds  stated  to  me  that  the  Sixth  Street  railroad  bridge  was  a 
terrible  menace,  and  requested  that  it  be  blown  up.  A  search  was  made  (or 
dynamite,  but  none  could  be  located. 

The  reports  from  Riverdale  were  very  alarming,  and  I  went  to  the  north 
end  of  the  Main  Street  bridge  with  a  few  National  Guardsmen.  I  found 
Riverdale  north  of  the  bridge  completely  submerged  and  the  water  close  to 
the  lop  of  both  aides  of  the  levee  along  Lehman  Street.  There  were  in  the 
neighborhood  of  fifty  men  and  women  on  this  levee  sightseeing:  and  I  at 
once  ordered  the  levee  cleared.  This  was  most  fortunate  as  in  a  very  few 
minutes  the  water  from  Riverdale  rushed  over  the  drive-way  jusi  west  of 
the  bridge  and  cut  off  the  levee.  Ii  would  have  been  impossible  to  escape 
from  the  levee,  it  being  broken  at  the  west  end  near  the  old  hydraulic.  Res- 
cue work  was  then  being  done  in  boats  in  the  lower  sections  of  Riverdale, 
which  was  already  submerged,  but  after  the  water  broke  over  the  drive-way 


FIG.  35.— BRIDGE  OVER  MIAMI  AND  ERIE  CANAL  IN  DAYTON 
COVERED  WITH  FLOOD  WRECKAGE. 

it  made  such  a  current  across  Main  Street  that  it  was  impossible  for  boats 
to  reach  the  bridge.  To  ma^e  a  safe  port  a  rope  was  fastened  near  the  Belle- 
vue  Apartments  and  then  carried  diagonally  northwest  across  Main  Street 
by  the  heroic  efforts  of  firemen  and  National  Guardsmen,  the  water  being 
shoulder  deep  and  very  swift,  and  fastened  lo  a  telegraph  pole.  All  boats 
were  ordered  to  keep  on  the  northeast  side  of  the  rope,  but.  unfortunately, 
two  men  in  a  boat  pushed  under  the  rope,  were  caught  by  the  current  and 
swept  over  the  drive-way  into  the  main  channel  of  the  river.  One  never 
appeared  again:  the  other  caught  in  the  branches  of  a  tree  about  twenty-five 
feet  south  of  the  bridge.  Two  most  heroic  attempts  were  made  by  officers 
and  soldiers  of  the  Ohio  National  Guard  to  rescue  this  man.  but  both  failed. 
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In  the  second  attempt,  Battalion  Sergeant  Major  Edward  L.  Harper,  Third 
Ohio  Infantry,  lost  his  life. 

At  about  10:30  the  current  through  Riverdale  had  become  so  swift  that 
rescue  work  had  to  be  given  up,  and  I  returned  to  the  south  end  of  the 
bridge.  The  river  had  risen  to  the  top  of  the  banks  and  water  was  pouring 
down  Main  Street. 

At  this  time  I  had  with  me  Lieutenant  Matthews,  Third  Ohio  Infantry, 
and  eight  enlisted  men,  and  with  this  force  I  determined  to  try  and  reach 
the  City  Hall.  Single  file  and  holding  hands  in  the  manner  I  had  used  in  the 
Philippines  in  crossing  dangerous  rivers,  we  started  down  the  west  side  of 
Main  Street  with  myself  at  the  head  of  the  line,  and  had  reached  the  resi- 
dence of  Dr.  C.  W.  King,  when  Private  Coble,  Company  G,  was  torn  from 
the  rear  of  the  line  and  swept  past  us  by  the  current.  Fortunately,  I  was 
able  to  seize  him  and,  although  carried  off  my  feet,  the  line  back  of  me  held 
and  Private  Coble  was  rescued.  Seeing  that  it  was  impossible  to  proceed 
further,  the  entire  detachment  took  refuge  in  the  homes  of  Dr.  King  and  Mr. 
Oswald  Cammann.  This  was  a  little  after  11:00  o'clock  on  Tuesday  morning. 
The  water  kept  rising  rapidly  all  Tuesday  afternoon  and  evening.  At  about 
one  o'clock  p.  m.  we  were  driven  by  the  rising  water  to  the  second  story  of 
the  house. 

The  water  continued  to  raise  until  12:00  o'clock  midnight,  when  it  re- 
mained stationary  for  a  time,  and  then  slowly  rose  until  2:00  a.  m.  Wednes- 
day morning,  when  it  attained  its  greatest  height.  From  2:00  a.  m.  the  water 
fell  very  slowly,  but  by  daylight  the  fall  had  become  noticeable. 

During  the  night  four  distinct  fires  were  visible,  and  the  danger  of  fire 
was  added  to  the  terror  of  the  water.  Dawn  broke  and  disclosed  a  dull, 
over-cast  sky  with  frequent  heavy  showers.  About  nine  o'clock  the  north- 
west corner  of  Steele  High  School  fell,  the  foundations  having  been  washed 
out  by  the  heavy  current  sweeping  around  the  corner. 

About  two  o'clock  p.  m.  (Wednesday)  a  canoe  containing  two  men,  after- 
wards learned  to  be  Frederick  Patterson  and  Nelson  Talbott,  was  paddled 
lip  Main  Street  and  then  south  after  rounding  the  Monument,  this  being  the 
first  sign  of  life  on  the  main  street  of  Dayton  in  twenty-four  hours. 

The  water  fell  steadily  but  slowly  during  Wednesday,  and  the  north-south 
current  on  Main  Street  was  noticeably  less  violent,  but  the  east-west  current 
on  First  Street  was  running  like  a  mill  race. 

At  five  o'clock,  I  secured  a  boat  from  the  Main  Street  Engine  House, 
manned  by  Captain  Koepnick  and  Fireman  C.  W.  Heiser  of  the  Dayton  Fire 
Department,  and  made  an  attempt  to  reach  the  central  part  of  the  city.  The 
current  running  on  First  Street  caught  the  boat,  swept  it  toward  the  Dayton 
Club  where  it  struck  a  submerged  hitching  post,  which  sank  the  boat.  We 
with  difficulty  escaped  by  swimming,  and  obtained  refuge  in  the  Dayton  Club. 

Shortly  after  dark  a  fire  broke  out  at  the  corner  of  St.  Clair  and  Third 
Streets,  and  from  the  roof  of  the  Club  we  could  see  it  rapidly  spreading 
westward. 

At  12:00  o'clock  that  night  I  succeeded  in  wading  to  my  home,  121  North 
Main  Street,  the  street  being  brilliantly  illuminated  by  the  glow  of  the  fire 
on  Third  Street. 

To  give  an  idea  of  the  depth  of  the  water  and  the  terrific  force  of  the 
current,  I  was  separated  from  my  family  for  thirty-six  hours  and  not  able  to 
reach  them  or  ascertain  their  fate,  although  within  one  city  square  of  my 
home  the  entire  time. 
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At  daybreak  Thursday  morning  I  found  that  the  water  had  fallen  so  that 
Main  Street  as  far  south  as  Second  was  practically  dry,  but  the  scene  of 
desolation  was  terrible.  The  asphalt  paving  on  First  Street  had  been  torn 
from  the  foundation  in  sheets.  The  streets  were  covered  with  mud,  and 
huge  bars  of  gravel  and  wreckage  were  everywhere.  The  plate  glass  win- 
dows had  been  swept  from  the  stores,  and  the  picture  of  ruin  was  complete. 

The  situation  was  critical,  as  all  civil  government  had  disappeard,  and 
after  a  conference  with  Judge  Carroll  Sprigg  of  the  Common  Pleas  Court 
and  Judge  Roland  Baggott  of  the  Probate  Court,  upon  their  request,  I  as- 
sumed responsibility  and  declared  martial  law.  My  force  consisted  of  Lieu- 
tenant Charles  Parrott,  Company  H,  the  first  man  to  report  to  me  Thursday 
morning,  Sergeant  Hoover,  and  three  enlisted  men.  I  immediately  placed 
gruards  on  the  Rike-Kumler  Company  and  ordered  all  saloons  out  of  water 
to  close. 

Being  destitute  of  everything,  the  question  of  communication  with  the 
outside  world  was  most  important.  We  were  completely  surrounded  by 
torrents  of  water  and  the  fire  was  still  raging  on  East  Third  Street  and 
threatening  to  spread  to  the  west. 

First  Sergeant  William  Harris,  Company  K,  Third  Infantry,  O.  N.  G., 
Fireman  George  Nee,  and  Fireman  Huesman,  volunteered  to  cross  through 
the  water  then  surrounding  us  to  the  higher  ground,  and  I  gave  each  of  them 
a  telegram  directed  to  yourself,  and  directed  them  to  reach  the  nearest  tele- 
graph or  telephone  station.  Firemen  Nee  and  Huesman  made  their  perilous 
trips  in  safety,  but  Sergeant  Harris  was  caught  in  the  current  at  Library 
Park,  his  boat  overturned  and  he  was  himself  drowned. 

There  were  many  brave  men  in  Dayton  during  this  period,  but  I  wish  to 
particularly  commend  the  gallantry  of  Sergeant  Harris,  Fireman  Nee,  and 
Fireman  Huesman. 

About  9:00  o'clock,  Major  R.  L.  Hubler,  Third  Infantry,  O.  N.  G.,  re- 
ported for  duly  and  I  directed  him  to  go  to  Dayton  View  and  assume  com- 
mand of  that  suburb. 

A  little  later  in  the  morning  I  was  notified  that  the  Central  Union  Tele- 
phone Company  had  a  wire  working  to  Columbus,  and  that  you  were  very 
anxious  to  get  in  touch  with  me.  I  at  once  waded  to  their  office  on  Ludlow 
Street  and  reported  to  you,  as  Commander-in-Chief.  You  placed  me  in 
command  of  all  troops  in  Dayton,  directed  me  to  enforce  martial  law  and 
do  everything  possible  for  the  lives  and  property  of  the  people  of  Dayton. 
You  further  informed  me  that  Colonel  Charles  X.  Zimmerman  had  arrived 
in  the  southeast  portion  of  the  city  with  parts  of  the  Third  and  Sixth  Regi- 
ments of  Infantry,  O.  N.  G.,  and  the  Naval  Militia,  and  that  Colonel  J.  H. 
Patterson  was  doing  glorious  work  in  South  Park. 

Armed  with  these  instructions  I  at  once  went  to  the  Rike-Kumler  store, 
bought  the  entire  stock  for  the  State  of  Ohio  from  Mr.  I.  G.  Kumler,  placed 
Captain  William  V.  Knoll,  Third  Ohio  Infantry,  in  charge,  and  directed  him 
to  issue  such  food,  clothing,  etc.,  as  were  necessary,  taking  a  memorandum 
of  every  issue  made  by  him.  Mr.  Mays  Dodds,  Director  of  Public  Safety  of 
the  City  of  Dayton,  reported  to  me  on  Thursday,  and,  after  a  conference,  I 
directed  him  to  devote  his  entire  energies  to  the  rehabilitation  of  the  Fire 
Department,  while  I  assumed  the  policing  of  the  city  with  the  National 
Guard. 
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About  noon  I  succeeded  in  reaching  Colonel  Patterson  by  telephone, 
communicated  the  Governor's  orders  and  directed  him  to  assume  command 
of  the  southern  part  of  the  city. 

Colonel  Zimmerman  was  communicated  with  at  the  East  Telephone  Ex- 
change on  East  Fifth  Street,  and  received  similar  orders  covering  the  eastern 
and  southeastern  portions  of  the  city. 

In  the  afternoon  Captain  Hapner,  Third  Ohio  Infantry,  was  located  at 
Fifth  and  Western  Avenue,  and  placed  in  command  of  Edgemont;  and  late 
that  evening  I  got  into  communication  with  Major  L.  E.  Smith,  Third  Ohio 
Infantry,  by  way  of  Columbus,  and  assigned  him  to  the  command  of  North 
Dayton. 

By  midnight  on  Thursday,  all  portions  of  Dayton  out  of  water  were 
under  martial  law  and  divided  into  the  following  districts  under  the  follow- 
ing commanders: 

North  Dayton — Major  Smith. 

East  and  Southeast  Dayton — Colonel  Zimmerman. 

South  Park — Colonel  Patterson. 

Riverdale,   Dayton   View   and    Miami   City   to   Third    Street — Major 

Hubler. 
Miami  City  south  of  Third  Street  and  Edgemont— Captain  Hapner. 
Central  Dayton  being  under  my  immediate  command. 

Thursday  afternoon,  the  water  had  fallen  sufficiently  to  enable  the  Fire 
Department  to  prevent  any  danger  of  fire  spreading  westward,  and  the 
menace  of  fire  thus  removed  from  the  central  part  of  the  city. 

By  night  fall,  Thursday,  the  water  had  receded  to  the  southern  line  of 
Third  Street,  but  every  inch  of  fall  meant  additional  guard  duty,  as  every 
store  and  bank  door  had  been  forced  open  by  the  elements,  and  their  con- 
tents lay  open  to  any  marauder. 

Between  three  and  four  o'clock  Thursday  afternoon,  a  corporal  and  three 
enlisted  men  of  Company  A,  Fourth  Ohio  Infantry,  reported  to  me,  being 
the  first  troops  to  reach  the  central  part  of  Dayton.  My  entire  force  Thurs- 
day evening  consisted  of  this  detachment  and  about  ten  or  twelve  local 
National  Guardsmen  and  volunteers,  part  of  whom  were  already  on  duty  at 
the  Rike-Kumler  store,  Whitaker-Gwinner  Co..  etc. 

As  there  was  no  street  lighting  of  any  kind,  I  cleared  the  streets  before 
night  fall  and  permitted  no  one  on  the  streets  south  of  First  or  east  of  Lud- 
low Streets.  At  midnight  a  riot  was  reported  at  the  Union  Station  and  I 
sent  Captain  Gimperling,  Third  Ohio  Infantry,  there  with  a  small  force,  but 
the  report  was  without  foundation,  as  most  of  the  reports,  during  those  try- 
ing days  were. 

Between  midnight  and  daylight,  Friday  morning,  the  water  receded  nearly 
to  the  line  of  the  railway,  and  I  followed  the  water  and  placed  guards  over 
the  central  banking  and  business  sections  bounded  by  Jefferson,  Fifth  and 
Ludlow  Streets. 

The  amount  of  valuable  property  of  all  kind  covered  by  our  guards  that 
night  was  very  great.  At  the  jewelry  store  of  A,  Newsalt,  I  should  estimate 
that  from  $10,000  to  $15,000  worth  of  jewelry  and  valuable  merchandise  was 
scattered  on  the  sidewalk  and  in  the  gutter.  I  take  great  pride  in  saying  for 
the  National  Guard  of  Ohio  that  not  a  single  case  of  looting  was  reported 
as  the  result  of  this  night's  work,  although  the  opportunities  were  limitless. 

At  4:30  a.  m.,  Friday,  Lieutenant  E.  O.  Clark.  Third  Ohio  Infantry,  re- 
ported to  me  at  the  corner  of  Fifth  and  Main  Streets  with  seventeen  men 
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from  Company  A,  Fourth  Infantry,  O.  N.  G.  This  was  a  most  welcome 
assistance  as  it  enabled  me  to  strengthen  and  extend  my  guard  line  before 
daylight. 

At  daylight,  hundreds  who  had  been  marooned  in  the  office  buildings  and 
stores  began  to  pour  out  into  the  streets.  They  were  directed  to  keep  off 
the  sidewalks  and  travel  in  the  middle  of  the  streets,  and  were  directed  and 
assisted  to  places  of  safety. 

At  eight  o'clock  a.  m.,  Colonel  L.  W.  Howard,  Sixth  Ohio  Infantry,  re- 
ported with  eight  companies  of  his  regiment,  and  was  placed  in  command  of 
the  central  portion  of  the  city. 

At  ten  o'clock  a.  m.  Colonel  Vollrath,  Eighth  Ohio  Infantry,  with  four 
companies  of  his  regiment,  and  Colonel  E.  S.  Bryant,  Second  Ohio  Infantry, 
with  ten  companies  of  his  regiment,  reported.  Colonel  Vollrath  was  directed 
to  proceed  to  North  Dayton  and  assume  command  there.  Before  any  dis- 
position was  made  of  the  Second  Infantry,  reports  of  serious  trouble  on 
Franklin  Street  were  received,  and  Major  Gale,  Second  Ohio  Infantry,  was 
ordered  to  proceed  there  at  once  with  his  battalion  and  establish  order. 
Other  necessary  details  scattered  the  Second  Ohio  infantry,  and  Colonel 
Bryant  served  in  Dayton  View  for  a  few  days  until  he  assumed  command  of 
the  Miamisburg  District. 

At  noon  Friday  I  went  to  the  National  Cash  Register  Co.,  where  a  con- 
ference was  held  with  Hon.  George  Burba,  Secretary  to  the  Governor,  and 
Colonel  J.  H.  Patterson.    You  were  communicated  with  and  I  was  directed 
to  appoint  a  Citizens*  Relief  Committee.    At  2:00  p.  m.  a  meeting  was  held 
in  the  Council  Chamber,  attended  by  Mayor  Phillips,  other  city  officials  and 
members  of  the  Council,  and  a  committee  from  the  Chamber  of  Commerce. 
I  presided  over  the  meeting  and  appointed  as  the  Citizens'  Relief  Committee: 
Colonel  John  H.  Patterson,  Chairman. 
Mayor  E.  T.  Phillips. 
Colonel  Frank  T.  Huffman. 
Adam  Schantz. 
John  R.  Flotron,  members. 

I  advised  the  Committee  to  organize  at  once,  and  stated  that  I  would  do 
all  that  lay  in  my  power,  as  Military  Governor  of  Dayton,  to  assist  them. 

On  Friday  afternoon  you  officially  notified  me  that  martial  law  had  been 
proclaimed  over  Montgomery  County,  and  directed  me  to  assume  command 
and  enforce  the  law.  I  at  once  organized  the  sub-district  of  Carrollton, 
Miamisburg  and  Germantown,  and  placed  Captain  Hughes,  Third  Regiment 
Infantry,  O.  N.  G.,  in  command. 

The  following  staff  was  appointed  by  me: 
Captain  Cyrus  E.  Mead,  Adjutant  General. 
Lieutenant  E.  O.  Clark,  Assistant  Adjutant  General. 
Captain  J.  B.  Gimperling,  Jr.,  Chief  Quartermaster. 
Major  D.  A.  Lynch,  Chief  Commissary. 
Major  Frederick  C.  Weaver,  Chief  Medical  Officer. 
Colonel  H.  E.  Talbott,  Chief  Engineer  Officer. 
Lieutenant  C.  W.  Parrott,  Aide-de-Camp. 

At  the  same  time,  by  General  Order  No.  4,  the  city  of  Dayton  was  divided 
into  the  following  military  zones,  and  each  zone  commander  was  placed  in 
control  of  the  sanitary  and  relief  work  in  his  zone.    Such  division  was  abso- 
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lutely  necessary  on  account  of  the  crippling  of  telephonic  communication 
and  the  impassable  condition  of  the  streets: 

Zone  No.  1.  North  Dayton.  Bounded  by  Stillwater  and  Mad  Rivers. 
Colonel  VoUrath  in  command. 

Zone  No.  2.  East  and  South  Dayton.  Bounded  by  Mad  River,  the  line 
of  Detroit  Street  and  stretching  north  from  the  line  of  Apple  Street  as  the 
water  recedes,  and  getting  in  touch  with  Colonel  Howard.  Colonel  Zimmer- 
man in  command. 

Zone  No.  3.  Central  Dayton.  Bounded  on  the  northwest  by  the  Miami 
River,  on  the  east  by  Detroit  Street  and  stretching  south  until  communica- 
tion is  established  with  Colonel  Zimmerman.  Commanded  by  Colonel 
Howard. 

Zone  No.  4.  Riverdale,  Dayton  View  and  Miami  City  to  Third  Street. 
Major  Hubler  in  command. 

Zone  No.  5.  Miami  City  south  of  Third  and  Edgemont.  Colonel  Catrow 
in  command. 

At  this  time  the  following  troops  were  on  duty  in  the  City  of  Dayton: 
Ten  companies,  Second  Ohio  Infantry — Colonel  Edward  S.  Bryant. 
Nine  companies,  Third  Ohio  Infantry — Colonel  H.  G.  Catrow. 
Three  companies,  Fourth  Ohio  Infantry — Major  Rell  G.  Allen. 
Twelve  companies,  Sixth  Ohio  Infantry — Colonel  C.  X.  Zimmerman. 
Eight  companies,  Sixth  Ohio  Infantry — Colonel  L.  W.  Howard. 
Four  companies,  Eighth  Ohio  Infantry — Colonel  Edward  Vollrath, 
Companies  A  and  C,  Ninth  Battalion,  Infantry — Captains  Frye  and 

Deaton. 
Battalion  of  Engineers — Lieutenant  Colonel  John  R.  McGuigg. 
Company  A  Signal  Corps — Captain  Kirtland. 
First  Ambulance  Company — Captain  Dale  Wilson. 
Second  Field  Hospital — Major  H.  H.  Snively. 
Ship's  Company,  U.  S.  S.  Essex — Commander  Nicklett. 
Ship's  Company,  U.  S.  S.  Dorothea — Lieutenant  Commander  Bolton. 
The  darkness  of  the  streets,  the  gas  and  electric  light  plants  having  been 
totally  crippled  by  the  flood,  and  the  unprotected  condition  of  all  banks,  etc., 
necessitated  the  most  watchful  guard  duty,  and  both  officers  and  men  re- 
sponded nobly  to  the  exigencies  of  the  situation. 

At  an  early  hour  Saturday  morning  Colonel  Zimmerman  was  ordered  by 
you  to  proceed  to  Hamilton  and  assume  command  there.  This  necessitated 
a  change  in  the  zone  commander  and  Colonel  Catrow  was  assigned  to  com- 
mand the  third  zone,  and  Colonel  McQuigg  assigned  to  command  the  fifth 
zone. 

The  Pennsylvania  Railroad  sent  to  the  City  of  Dayton  a  completely 
equipped  work  train  with  sixty-five  mechanics,  picked  men,  the  cream  of  the 
Columbus  shop.  The  firemen  reported  to  me  for  duty  late  Friday  night,  and 
on  Saturday  morning  the  force  was  divided  between  the  Dayton  City  Water- 
works and  the  two  plants  of  the  Dayton  Power  and  Light  Company,  and  did 
most  efficient  service  in  the  work  of  rehabilitation. 

On  Saturday,  March  29,  Secretary  of  War  Garrison  and  Major  General 
Leonard  Wood  visited  the  city  of  Dayton,  making  their  headquarters  at  the 
National  Cash  Register  plant.  The  General  Commanding  called  upon  these 
distinguished  guests  and  placed  at  their  disposal  automobiles  so  they  might 
have  a  good  opportunity  to  see  the  work  of  destruction  and  appreciate  the 
situation. 
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The  question  of  patrolling  the  streets  and  protecting  property,  the  water 
having  practically  receded  now  from  all  parts  of  the  city,  became  the  most 
important  one  for  determination,  and  the  solution  considered  by  me  best  for 
this  problem  was  to  establish  a  rigorous  curfew.  Therefore,  on  the  after- 
noon of  Saturday,  March  29,  notices  were  posted  all  over  the  city  of  Dayton 
directing  that  from  6:00  o'clock  p.  m.  until  5:30  a.  m.  no  one  would  be 
allowed  on  the  streets  of  Dayton  without  a  pass  from  a  zone  commander. 
It  is  to  be  said,  to  the  credit  of  the  citizens  of  Dayton,  that  this  stringent 
regulation  was  received  in  the  spirit  in  which  it  was  ordered,  and  from  the 
very  first  evening  but  little  trouble  was  encountered  in  enforcing  it. 

To  avoid  interfering  with  the  work  of  the  various  public  utilities  com- 
panies which  were  making  every  endeavor  to  repair  their  damaged  plants 
and  wiring,  passes  (public  service,  so  called)  were  issued  to  their  employees, 
good  at  all  times  and  not  needing  reissue  every  day,  but  with  the  rest  of  the 
citizens  a  pass  had  to  be  issued  good  for  a  specific  night. 

On  Sunday,  March  30th,  I  had  a  consultation  with  yourself  over  the  tele- 
phone on  the  question  of  the  sanitary  work.  The  Federal  Government  hav- 
ing very  kindly  placed  Major  Rhoads,  Medical  Corps,  U.  S.  A.,  at  our  dis- 
posal, it  was  determined  to  place  him  in  charge  of  the  sanitary  work,  and 
make  him  a  member  of  the  staff  of  the  Brigadier  General  commanding  the 
Dayton  Military  District.  It  was  understood,  however,  that  all  work  was 
to  be  done  under  the  authority  of  the  State  of  Ohio,  and  that  no  encroach- 
ment on  its  work  was  to  be  made  by  the  Federal  Government,  you  believing 
that  the  State  of  Ohio  had  the  strength  to  handle  this  herculean  task,  and 
that  the  people  wanted  the  State  to  do  it. 

On  the  afternoon  of  Sunday,  March  30th,  I  received  orders  from  your 
headquarters  in  Columbus  directing  me  to  send  Colonel  Howard  and  the 
eight  companies  of  the  Sixth  Ohio  Infantry  on  duty  in  Dayton,  the  First 
Ambulance  Company,  and  the  Ship's  Company  of  the  U.  S.  S.  Essex  and 
Dorothea,  to  Cincinnati,  to  report  to  General  McMaken.  An  order  was 
issued  at  once  to  the  various  organization  commanders,  transportation  was 
promptly  secured,  and  all  the  organizations  covered  by  the  order  left  Dayton 
on  Sunday  afternoon. 

Major  D.  A.  Lynch  was  also  relieved  from  duty  and  directed  to  proceed 
to  Cincinnati,  the  vacancy  on  my  staff  caused  by  his  removal  being  filled  by 
the  appointment  of  Captain  C.  W.  Hosier  as  Chief  Commissary  Officer. 

On  March  30th.  by  General  Order  No.  13,  the  second  and  third  military 
zones  were  consolidated,  and  Colonel  H.  G.  Catrow  placed  in  command  of 
the  consolidated  district. 

March  30th,  being  Sunday,  the  city  was  overrun  by  a  horde  of  sightseers. 
It  finally  became  necessary  for  me  to  issue  orders  closing  the  various  roads 
leading  into  the  central  part  of  the  city  to  try  to  avoid  the  crowd. 

On  Monday,  March  33  st,  the  work  of  the  street  cleaning  was  proceeding 
slowly,  and  I  deemed  it  necessary  to  impress  every  able-bodied  man  found 
on  the  streets  and  put  them  to  labor  in  the  work  of  renovation.  This  order 
was  enforced  by  details  from  the  National  Guard  and  the  number  of  sight- 
seers in  Dayton  diminished  very  materially.  This  labor,  while  forced,  was 
paid  for  by  the  Citizens'  Relief  Committee  at  the  regular  rate  established  for 
all  street  labor. 

In  this  connection  I  wish  to  commend  the  great  labor  of  love  performed 
by  the  Dayton  Bicycle  Club  during  these  first  terrible  days. 
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The  loss  in  horses  in  the  city  from  the  flood  was  very  great,  nearly  thir- 
teen hundred  horses  and  mules  having  been  drowned,  and  their  carcasses 
scattered  all  over  the  submerged  portion  of  the  city.  The  Dayton  Bicycle 
Club  very  nobly  volunteered  to  take  care  of  this  work,  collect  the  carcasses 
and  remove  them  to  the  fertilizing  plant  east  of  Dayton,  and  having  put  their 
hands  to  the  plow,  I  wish  to  state,  to  their  credit,  that  they  performed  this 
most  disagreeable  task  in  a  business-like  and  prompt  manner. 

The  question  of  subsisting  nearly  the  entire  population  of  Dayton  on 
some  kind  of  a  relief  basis  was  a  most  serious  one,  and  was  handled  by  the 
Citizens'  Relief  Committee  with  the  assistance  of  the  various  zone  com- 
manders. Mr.  Finfrock  of  the  National  Cash  Register  Co.  took  charge  of 
the  purchasing  department,  and  Mr.  Grant  of  the  same  institution  managed 
the  work  of  distribution. 

I  kept  closely  in  touch  with  the  situation  and  wherever  necessary  con- 
fiscated, under  military  authority,  food  supplies,  etc.,  and  turned  them  over 
to  the  Citizens'  Relief  Committee.  The  Federal  Government  forwarded  to 
Dayton  300,000  rations  which  were  of  the  greatest  assistance. 

The  work  done  by  Mr.  Finfrock  and  Mr.  Grant  was  performed  in  a  most 
satisfactory  manner. 

The  high  water  mark  was  reached  by  Tuesday,  April  1st,  when  the  books 
of  the  Citizens'  Relief  Committee  showed  83,000  people  were  fed.  From  that 
time,  however,  the  number  gradually  became  less. 

On  Tuesday,  April  1st,  the  machinery  of  the  waterworks  having  been 
gone  over  carefully  and  placed  in  running  condition,  the  water  was  again 
running  through  the  city  mains,  but  in  limited  quantities.  A  general  order 
was  issued  from  these  headquarters  directing  that  this  water  must  be  used 
for  domestic  purposes  only  and  boiled  before  using,  as  the  medical  depart- 
ment reported  it  not  fit  for  drinking  purposes  without  boiling. 

On  the  afternoon  of  April  1st,  I  visited  Miamisburg  and  found  the  situa- 
tion there  very  bad.  The  entire  business  section  of  the  town  had  been  torn 
to  pieces,  both  railroads  completely  crippled,  and  all  bridges  gone  from  over 
the  river. 

The  civil  courts  being  crippled,  and,  as  under  the  rule  of  martial  law 
some  kind  of  a  court  became  necessary  to  take  cognizance  of  offenses 
against  martial  law,  a  military  commission  was  appointed  by  General  Orde^ 
No.  19  composed  of  the  following: 

Captain  Karl  I.  Best,  Third  Ohio  Infantry. 

Captain  Arthur  S.  Houts,  Fifth  Ohio  Infantry. 

Lieutenant  Charles  H.  Milton,  Fifth  Ohio  Infantry. 

Captain  Hubert  J.  Turney,  Fifth  Ohio  Infantry,  Judge  Advocate. 

The  same  officers  were  further  detailed  to  sit  as  a  Special  Court  for  the 
trial  of  any  military  offenders. 

By  General  Order  No.  20,  Captain  Hubert  J.  Turney,  Fifth  Ohio  In- 
fantry, was  detailed  as  Provost  Marshal  for  the  territory  included  in  the 
Dayton-Military  District,  and  the  many  serious  questions  involving  salvage 
of  property  were  placed  in  his  hands.  Unless  a  person  saw  with  his  own 
eyes  the  amount  of  property  of  all  kinds  scattered  over  the  submerged  dis- 
trict, it  would  be  impossible  to  appreciate  the  immensity  of  the  salvage 
question.  As  a  conservative  figure  I  would  say  that  between  $150,000  and 
$200,000  worth  of  property  was  salvaged  under  the  direction  of  the  Provost 
Marshal,  and  returned  to  the  rightful  owners. 
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Provost  Marshal  Turney  was  directed  by  me  to  organize  a  detective 
bureau  for  the  greater  security  of  life  and  property,  the  chief  danger  arising 
from  the  great  number  of  men  attracted  to  Dayton  by  the  high  price  of  labor 
during  the  reconstruction  period.  Many  of  these  men  were  earnest  workers, 
but  others  were  from  the  flotsam  and  jetsam  of  the  criminal  classes  of 
Chicago,  from  whence  most  of  the  number  came. 

He  proceeded  to  Cleveland  and  obtained,  by  courtesy  of  Mayor  Baker,  of 
that  city,  the  detail  of  Detectives  John  T.  Shibley  and  James  Moore,  who 
rendered  highly  efficient  services  in  the  Provost  Marshal's  department 
throughout  the  tour  of  duty. 

On  the  afternoon  of  Wednesday,  April  2nd,  you,  accompanied  by  the 
State  Flood  Commission,  Brigadier  General  John  C.  Speaks  and  staff,  ar- 
rived in  the  city  of  Dayton,  and  were  met  by  the  General  Commanding  and 
taken  to  the  National  Cash  Register  Co.,  where  an  important  conference  was 
held  covering  the  general  situation  in  the  Dayton  Military  District. 

On  the  following  morning  the  Governor  and  party  were  escorted  all  over 
the  city  of  Dayton  and  given  an  opportunity  to  see  the  terrible  work  of 
destruction. 

In  the  Enquirer  of  April  3,  1913,  there  appeared  an  article  stating  that 
seventeen  men  had  been  shot  the  night  before  under  order  of  "Drumhead 
Court  Martials/'  several  of  the  executions  being  located  on  the  steps  of  the 
Callahan  Bank  Building.  The  story  was  without  the  slightest  foundation.  I 
sent  a  personal  wire  to  the  managing  editor  of  the  Enquirer,  which  was  pub- 
lished by  them  the  next  morning,  denying  the  whole  story.  In  this  connec- 
tion I  would  say  that  not  a  single  person  was  shot  and  killed  by  any  of  the 
National  Guardsmen,  or  by  any  one  else,  during  the  period  of  martial  law 
in  the  city  of  Dayton,  although  there  seemed  to  be  quite  a  disposition  on  the 
part  of  enterprising  newspaper  correspondents  to  invent  fictitious  tales  of 
drumhead  courts  martial.  Drumhead  courts  martial  are  purely  creatures  of 
fiction  and  not  known  in  American  military  law. 

On  April  3rd  the  city  of  Dayton  suffered  from  very  violent  and  heavy 
rains  and  the  river  rose  rapidly,  and,  unfortunately,  the  town  was  filled  with 
many  sensational  rumors  as  to  breaking  of  reservoirs,  etc.  About  midnight 
of  April  3rd,  being  alarmed  at  the  general  situation,  Colonel  Talbott,  Chief 
Engineer,  and  myself,  made  a  tour  of  the  levees  in  a  driving  rain  storm,  and 
found  them  safe,  although  the  water  in  one  or  two  places  was  very  close  to 
the  top.  In  this  connection  I  wish  to  add,  to  the  credit  of  the  Guard,  that 
through  the  awful  storm  and  rain  of  that  night  we  found  them  alert  in  all 
parts  of  the  city,  and  in  several  incidents  on  guard  at  the  danger  spots  of  the 
levee,  this  being  a  most  unpleasant  and  trying  kind  of  guard  duty. 

On  the  morning  of  April  4th  you,  having  returned  the  previous  evening 
from  a  visit  of  inspection  at  Hamilton,  left  with  your  party  for  Piqua. 

The  river  continued  rising  on  April  4th,  but,  fortunately,  did  not  break 
through  the  levees.  The  breaks  in  them  had  been  partially  filled  in  by  the 
Engineer  Department,  although  it  was  impossible  in  the  limited  time  since 
the  flood  to  completely  restore  the  levees. 

On  April  5th  the  rain  ceased  and  the  river  began  to  fall,  which  was  a 
most  fortunate  circumstance,  as  the  nerves  of  the  people  of  Dayton  had  been 
wrought  upon  for  over  a  week  to  a  terrible  tension,  and  they  could  not  stand 
much  more  strain. 
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On  Saturday,  April  5th,  Senator  T.  E.  Burton  visited  the  city  of  Dayton 
and  was  escorted  over  the  entire  city  by  Colonel  Talbott  and  myself.  Sen- 
ator Burton's  position  in  Congress,  as  expert  on  rivers  and  harbors,  ren- 
dered his  visit  to  Dayton  a  matter  of  great  importance,  and  we  desired  to 
f^ive  him  a  full  idea  of  the  situation  in  the  city. 

On  April  6th  Senator  Pomerene  also  visited  the  city  and  was  in  like 
manner  escorted  to  the  various  parts  thereof. 

On  April  5th  Major  H.  H.  Snively,  Second  Ambulance  Company,  O.  N. 
G.,  and  a  greater  portion  of  the  Ambulance  Company  and  Hospital  Corps, 
O.  N.  G.,  were  relieved  from  duty  and  returned  to  home  station. 

On  April  4th  Captain  W.  R.  Hughes  was  relieved  from  the  command  of 
the  Miamisburg  district  and  Colonel  E.  S.  Bryant,  Second  Ohio  Infantry, 
was  placed  in  command  thereof,  and  on  the  same  day  General  Order  No.  23, 
on  account  of  increased  daylight,  was  issued,  extending  the  hour  of  curfew 
one-half  hour,  making  the  time  6:30  p.  m. 

On  April  6th  General  Orders  No.  26,  27,  and  28  were  issued,  reading  as 
follows: 

"Notice  is  hereby  given  that  farmers  and  hucksters  coming  into  the 
city  for  the  purpose  of  selling  and  delivering  food  supplies  will  not  be 
pressed  into  service.  Such  produce  must  not  be  sold  above  regular 
prices.  Those  charging  exorbitant  prices  will  be  subject  to  arrest  and 
confiscation." 

"Notice.  Salvage  is  the  property,  not  of  the  finder,  but  of  the  lawful 
owner.  Without  passing  upon  the  rights  of  persons  saving  and  preserv- 
ing salvage,  for  compensation  by  the  owner  thereof,  notice  is  given  that 
persons  having  in  their  possession  the  property  of  another,  whether 
saved  by  them  or  brought  upon  their  premises  by  the  action  of  the  ele- 
ments, should  seasonably  report  the  fact  to  the  owner,  if  known,  or  if 
the  owner  be  unknown,  to  the  Provost  Marshal,  or  the  Military  Com- 
mander within  the  zone  where  the  property  is  situated,  or  the  Com- 
mander-in-Chief. Persons  having  saved  property  have  not  the  right  to 
convert  it  to  their  own  possession  or  to  sell  it.  It  is  neither  proper  nor 
safe  to  assume  that  the  owner  of  damaged  goods  has  elected  to  abandon 
them,  nor  to  take  them  away,  convert  them,  or  sell  them  under  such  an 
assumption.  The  legal  owner  is  the  sole  judge  of  their  value  and  of  the 
question  as  to  whether  he  desires  to  regain  possession  of  them,  or  to 
abandon  them." 

"No  person,  not  a  merchant  of  Dayton  on  the  25th  day  of  March, 
1913,  may  open  a  new  retail  store  within  the  district  governed  by  martial 
law  during  its  continuance,  without  first  obtaining  a  permit  from  this 
office.  No  expense  will  be  attached  to  the  issuance  of  such  a  permit  and 
no  fee  charged;  but  no  such  a  permit  will  be  issued  without  the  most 
searching  investigation  into  the  good  faith  and  permanent  character  of 
the  proposed  new  enterprise." 

General  Order  No.  28  was  issued  because  it  came  to  the  knowledge  of  the 
General  Commanding,  that  certain  fly-by-night  merchants  from  Chicago 
had  leased  store  rooms  in  Dayton,  and  intended  to  take  advantage  of  the 
condition  of  the  Dayton  merchants.  As  a  result  of  this  order  no  such  stores 
were  opened,  and  only  two  applications  made  for  new  stores,  both  of  which 
were  refused. 
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On  Monday,  April  7th,  the  ten-day  bank  holiday  ordered  by  you  having 
expired,  the  banks  in  the  city  of  Dayton  opened  for  business,  and,  at  their 
request,  guards  were  placed  in  their  banking  houses  who  remained  there 
during  banking  hours. 

On  Monday,  April  7th,  the  situation  in  Dayton  having  materially  im- 
proved, the  following  organizations  were  relieved  from  duty  and  directed 
to  report  to  home  stations: 

Company  A,  9th  Infantry,  Springfield. 
Company  C,  9th  Infantry,  Dayton. 
Company  A,  Ohio  Signal  Corps,  Toledo. 

On  April  8th,  Colonel  Vollrath  and  the  companies,  of  the  Eighth  Ohio 
Infantry,  and  Colonel  Bryant  and  the  companies  of  the  Second  Ohio  In- 
fantry, were  relieved  from  duty  and  directed  to  report  to  home  stations. 
Colonel  Vollrath's  command  of  the  first  military  zone  being  assumed  by 
Captain  L.  E.  Smith,  Third  Ohio  Infantry. 

The  citizens  of  Dayton  were  very  much  exercised  over  this  withdrawal 
of  troops  and  protested  very  vehemently  on  the  subject,  but  I  was  of  the 
opinion  that  sufficient  troops  were  left  in  the  city  of  Dayton  to  properly 
handle  the  situation,  and  the  result  showed  that  my  opinion  was  correct. 

By  this  time  both  the  electric  light  and  gas  companies  had  re-established 
portions  of  their  service,  and  parts  of  the  city  were  again  in  normal  condi- 
tion as  far  as  street  lights  were  concerned,  and  this  naturally  reduced  very 
materially  the  guard  duty  of  the  troops. 

Colonel  Bryant,  having  been  relieved  from  command  at  Miamisburg, 
Lieutenant  J.  M.  Fitzpatrick,  Company  K,  Unattached  Infantry,  O.  N.  G., 
was  placed  in  command. 

On  April  8th,  after  a  conference  with  the  police  department  of  the  city  of 
Dayton,  it  was  determined  to  begin  the  transfer  of  territory  from  the  patrol 
of  the  National  Guard  back  to  the  police  department;  and  by  General  Order 
No.  34  and  Special  Order  No.  12,  Paragraph  11,  all  territory  lying  south  of 
Mad  River,  and  east  and  south  of  the  general  line  of  Dutoit  Street  to  La- 
Belle,  Richard,  Wayne,  Oak,  Brown  and  Apple  to  the  Miami  River,  was 
turned  over  to  the  police  department,  and  they  also  were  placed  in  charge 
of  the  traffic  duty  in  the  central  part  of  the  city.  At  the  same  time  the  terri- 
tory covering  Riverdale  north  of  the  flooded  districts  and  Dayton  View  was 
turned  over  to  the  police  department,  as  was  the  territory  west  of  the  sub- 
merged district  in  Miami  City  and  Edgemont. 

On  Friday,  April  11th,  Major  Allen  and  three  companies  of  the  Fourth 
Ohio  Infantry,  on  duty  in  Dayton,  and  that  portion  of  Company  K,  Un- 
attached Infantry,  still  on  duty  in  Dayton,  were  relieved  from  duty  and 
ordered  to  report  to  their  home  stations.  This  was  rendered  more  easy  by 
the  police  assuming  control  of  certain  sections  of  the  city  as  mentioned 
above. 

On  Friday,  April  11th,  natural  gas  also  was  turned  into  the  mains  of  the 
city.  This  was  a  great  assistance  to  the  people  of  Dayton,  who  had  diffi- 
culty for  the  preceding  two  weeks  and  a  half  in  heating  their  houses  and 
cooking  food,  a  large  proportion  of  them  relying  entirely  upon  natural  gas. 

During  the  first  four  days  of  the  flood  and  before  the  arrival  of  any  con- 
siderable portion  of  the  Ohio  National  Guard,  many  citizens  of  Dayton  vol- 
unteered their  services  and  were  sworn  in  as  special  deputies.  To  show  a 
proper  appreciation  of  their  services  and  to  free  them  from  any  possible 
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further  demands  on  their  time,  General  Order  No.  37  was  issued  April  12th, 
reading  as  follows: 

"All  obligations  incumbent  upon  volunteer  guards,  special  deputies, 
and  citizen  police  sworn  in  as  such,  since  March  25,  1913,  are  hereby  re- 
leased and  all  appointments  as  such  are  void. 

"Special  thanks  and  commendations  are  extended  to  all  citizens  who 
have  so  given  their  time  without  compensation  for  the  public  good  in 
any  such  capacity  for  the  meritorious  services  rendered  in  these  regards." 

On  April  13th  Lieutenant  Fitzpatrick  and  the  detachment  of  Company 
K,  Unattached  Infantry,  were  relieved  from  duty  at  Miamisburg,  and  Hon. 
W.  A.  Riter  was  appointed  Provost  Marshal. 

During  all  of  this  time  the  work  of  cleaning  the  stores  and  houses  of  the 
city  of  Dayton  was  progressing  at  what  seemed  to  most  of  the  citizens  a 
very  slow  rate;  but  when  the  amount  of  deposits  from  the  water  and  the 
ruined  buildings,  pavements,  and  property  of  all  kind  scattered  over  the 
streets  is  considered,  it  is  probable  that  wonderful  progress  was  made  in 
this  work. 

One  of  the  greatest  helps  in  the  work  was  found  in  the  use  of  flat  cars 
run  in  on  the  city  street  railway  lines,  which  handled  the  hauling  away  of 
the  debris  in  much  larger  quantities  and  much  more  quickly  than  could  have 
been  done  by  wagons. 

On  Tuesday,  April  15th,  Lieutenant-Colonel  John  R.  McQuigg  and  the 
Engineers  Corps  left  for  their  home  station  and  this  district  was  turned 
over  to  Captain  D.  J.  Hapner,  Company  F,  Third  Ohio  Infantry. 

On  April  15th,  it  being  apparent  that  it  would  be  necessary  to  continue 
troops  in  the  Dayton  Military  District  for  some  time  and,  it  not  being  the 
wish  of  the  Brigadier-General  Commanding  to  work  any  hardship  on  the 
enlisted  men.  Lieutenant  Colonel  A.  W.  Davis,  Fifth  Ohio  Infantry,  was 
directed  to  organize  a  provisional  battalion  of  four  companies  from  the 
Fifth  Ohio  Infantry  and  Colonel  H.  G.  Catrow  was  directed  to  organize  two 
provisional  battalions  from  the  Third  Ohio  Infantry  of  men  willing  to  re- 
main indefinitely  on  military  duty  in  the  city  of  Dayton,  Companies  A  and 
C,  Third  Ohio  Infantry,  having  reported  for  duty  in  Dayton  after  comple- 
tion of  tour  of  duty  at  Piqua. 

On  April  16th,  General  Order  No.  40  was  issued  reading  as  follows: 

"On  account  of  the  increasing  length  of  the  time  of  daylight  the 
hour  of  curfew  is  changed  to  read  from  7:00  p.  m.  to  4:30  a.  m.,  amend- 
ing General  Order  No.  5  and  General  Order  No.  23." 

On  Thursday,  April  17th,  through  the  great  courtesy  of  the  Winters 
National  Bank,  City  National  Bank,  Dayton  National  Bank,  and  the  Dayton 
Savings  and  Trust  Company,  the  Brigadier  General  Commanding  borrowed 
$65,000,  the  only  security  required  being  the  deposit  of  the  pay  rolls,  and 
paid  off  all  troops  in  the  city  of  Dayton  up  to  the  day  of  payment.  In  jus- 
tice to  the  other  banks  of  the  city  of  Dayton,  the  General  Commanding 
desires  to  say  that  the  first  four  banks  from  whom  this  favor  was  asked 
granted  it,  rendering  it  unnecessary  to  go  any  further. 

On  Friday,  April  18th,  I  relieved  and  ordered  to  home  stations  all  the 
officers  and  men  of  the  Fifth  Ohio  Infantry  not  included  in  the  provisional 
battalions  made  up  from  this  command,  and  the  officers  and  men  of  the 
Third   Ohio   Infantry   not   included   in  the   two  provisional   battalions,  and 
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Battery  A,  Ohio  Field  Artillery,  reducing  the  Dayton  garrison  to  practi- 
cally one  regiment.  On  the  same  day  I  increased  the  territory  covered  by 
the  police  to  all  of  that  portion  of  the  city  of  Dayton  lying  west  and  north 
of  the  river  and  south  iand  east  of  the  submerged  district.  This  practically 
reduced  the  territory  covered  by  the  troops  to  a  very  limited  space,  being 
the  business  and  that  portion  of  the  residence  section  of  Dayton  lying  west 
of  Main  Street  and  south  and  east  of  the  river.  At  the  same  time  curfew 
was  extended  to  7:00  o'clock  p.  m.  in  the  evening. 

On  April  21st,  by  your  authority,  General  Order  No.  42  was  issued: 

"By  authority  of  the  Governor  of  Ohio,  the  order  issued  March  27, 
1913,  directing  that  all  saloons  in  the  city  of  Dayton  be  closed,  which 
was  afterward  extended  by  order  of  March  28,  1913,  to  cover  all  saloons 
in  Montgomery  County,  is  hereby  modified  as  follows: 

"All  saloons  in  Montgomery  County  are  hereby  permitted  to  be  open 
from  the  hours  of  8:00  a.  m.  to  6:00  p.  m.  All  saloons  in  Montgomery 
County  must  be  closed  on  Sunday.  No  intoxicating  liquors  to  be  sold 
to  be  carried  from  the  premises.  No  intoxicating  liquors  to  be  sold  to 
an  intoxicated  person.  The  provisions  of  the  Greenlund  License  Law 
are  hereby  made  a  part  of  this  order  and  the  violation  of  any  provision 
of  this  law  will  be  reported  to  the  License  Commission  in  addition  to 
having  their  places  closed." 

This  order  went  into  effect  April  22nd,  and  while  there  were  two  unfor- 
tunate disturbances  and  quite  a  number  of  citizens  celebrated  their  month's 
drought  by  imbibing  too  freely,  the  day  passed  fairly  peacefully. 

On  Wednesday,  April  23rd,  the  Provisional  Battalion  of  the  Fifth  Ohio 
Infantry  were  relieved  from  duty  and  directed  to  report  to  home  station. 
On  the  same  day  I  had  a  conference  with  the  Citizens'  Relief  Committee 
and  told  them  that  there  was  no  more  necessity  for  martial  law  in  the  city 
of  Dayton,  and  that  the  city  ought  to  take  care  of  its  own  police  duty  and 
civil  government,  to  which  the  members  of  the  Committee  did  not  agree.  I 
telephoned  you,  giving  you  my  views  and  requesting  that  martial  law  bt 
suspended  and  all  troops  remaining  in  the  district  be  relieved  and  returned 
home,  but  you  stated  that  as  the  Relief  Committee  had  unanimously  re- 
quested that  martial  law  be  continued  you  would  grant  their  request  for  th  j 
present  and  relieve  no  more  troops. 

On  April  24th,  under  orders  from  you,  I  proceeded  to  Hamilton  to  in- 
vestigate the  situation  in  that  city.  I  met  and  discussed  the  situation  with 
the  Citizens'  Committee,  and  found  conditions  there  very  similar  to  the  con- 
ditions in  Dayton.  Martial  law  was  not  then  needed  in  any  sense  of  the 
word  but,  owing  to  the  fact  that  the  citizens  seemed  to  have  no  confidence 
whatever  in  the  civil  government  which  had  been  replaced  by  the  military 
arm,  they  insisted  that  martial  law  should  continue.  In  fact,  they  seemed 
to  be  willing  to  have  martial  law  continue  until  the  general  election  in 
November,  1913. 

On  April  25th  all  territory  in  the  city  of  Dayton,  outside  of  that  bounded 
by  the  river,  canal  and  railroad,  was  turned  over  to  the  civil  authorities.  On 
the  same  day  Companies  B,  D,  and  M,  Third  Ohio  Infantry,  were  relieved 
from  duty  and  directed  to  report  to  home  station. 

On  April  25th  Captain  Turney  was  relieved  as  Provost  Marshal,  and  his 
assistant.  Second  Lieutenant  Mills  Matthews,  was  appointed  Provost  Mar- 
shal in  his  place. 
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On  Sunday,  April  27th,  you  visited  the  city  of  Dayton  and  held  a  lengthy 
conference  with  the  Citizens'  Relief  Committee,  going  into  the  question 
very  thoroughly  of  the  necessity  for  martial  law  in  the  Dayton  Military  Dis- 
trict, returning  to  Columbus  the  same  evennig. 

On  April  28th,  Companies  C  and  L,  Third  Ohio  Infantry,  were  relieved 
from  duty,  and  the  hour  of  curfew  changed  to  read  11  o'clock  p.  m.  to  4:30 
a.  m.,  and  the  hour  of  closing  the  saloons  extended  to  6:30  p.  m. 

On  April  27th,  by  General  Order  No.  47,  a  board  composed  of  Colonel 
H.  G.  Catrow,  Captain  Cyrus  £.  Mead,  and  Captain  William  V.  Knoll,  Third 
Ohio  Infantry,  was  appointed  to  pass  on  and  audit  all  claims  or  alleged 
claims  against  the  State  of  Ohio,  arising  out  of  the  service  of  the  Ohio 
National  Guard  in  the  Dayton  Military  District  from  March  25th,  1913. 

The  services  of  this  Board  were  afterward  used  by  the  American  Red 
Cross  and  the  Citizens'  Relief  Committee,  and  the  Board  became  a  general 
clearing  house  for  all  kinds  and  description  of  claims  arising  out  of  the  flood 
situation  in  the  city  of  Dayton. 

On  April  28th,  Company  A,  Third  Ohio  Infantry,  was  relieved  from  duty 
and  ordered  to  report  to  home  station,  and  Major  R.  L.  Hubler,  Third  Ohio 
Infantry,  directed  to  form  a  Provisional  Battalion  of  the  three  companies 
for  duty  in  the  Dayton  Military  District;  the  idea  being  to  keep  only  those 
men  whose  services  would  not  be  a  hardship  on  them  or  their  employers. 

On  April  29th,  under  orders  received  through  the  Adjutant  General's 
office,  I  proceeded  to  Washington,  D.  C,  Colonel  H.  G.  Catrow  assuming 
command  during  my  absence. 

On  May  2nd,  I  returned  from  Washington  and  again  assumed  command 
of  the  Dayton  Military  District. 

On  Saturday,  May  3rd,  I  held  a  conference  with  the  Citizens'  Relief  Com- 
mittee and,  after  a  great  deal  of  patient  argument,  convinced  them  that  mar- 
tial law  was  no  longer  necessary  in  the  city  of  Dayton,  and  they  prepared 
and  passed  a  resolution  asking  you  to  suspend  martial  law  and  relieve  the 
troops  from  duty  in  the  city  of  Dayton.  This  was  communicated  by  me  to 
yourself  by  telephone  and  you  authorized  me  to  take  steps  to  relieve  the 
troops  in  Dayton,  Tuesday,  May  6th,  stating  that  a  proclamation  would  be 
issued  by  you  lifting  martial  law.  This  was  done  under  your  hand  Monday, 
May  5th  ,and  at  8  o'clock  a.  m.  Tuesday,  May  6th,  by  General  Order  No.  50, 
all  officers  and  troops  in  the  Dayton  Military  District  were  relieved  from 
duty  and  directed  to  report  to  home  stations. 

At  8:00  o'clock  on  the  morning  of  May  5th,  I  personally  called  on  the 
Director  of  Public  Safety  of  the  city  of  Dayton,  and  notified  him  that  I  had 
relieved  all  guards  and  patrols  from  duty  and  that  the  city  of'  Dayton  was 
again  fully  in  the  charge  of  the  civil  authorities. 

On  relinquishing  command  of  the  Dayton  Military  District,  I  issued 
General  Order  No.  51,  as  follows: 

1.  "Martial  law  having  been  suspended  in  the  County  of  Mont- 
gomery by  the  proclamation  of  Governor  James  M.  Cox,  at  8:00  a.  m., 
Tuesday  morning,  May  6,  1913,  and  the  County  of  Montgomery  having 
been  formally  turned  over  by  the  Brigadier-General  Commanding  to  the 
civil  authorities,  the  Dayton  Military  District  is  hereby  disbanded.  The 
General  Commanding  desires  to  express  his  appreciation  of  the  conduct 
of  the  officers  and  men  of  the  Ohio  National  Guard,  who  served  in  the 
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Dayton  Military  District.  The  work  during  the  first  few  weeks  of  this 
tour  of  duty  was  arduous  and  difficult.  The  city  was  in  complete  dark- 
ness, doors  were  open,  windows  were  without  glass,  and  property  of 
all  kinds  was  unprotected.  In  spite  of  all  these  facts,  no  authenticated 
case  of  looting  by  troops  has  been  brought  to  these  Headquarters. 

2.  "The  Ohio  National  Guard  has  shown  what  training  and  disci- 
pline can  do.  and  it  is  the  hope  of  the  General  Commanding  that  they 
will  in  the  future  maintain  their  present  high  standing,  and  keep  the 
confidence  and  good  will  of  the  citizens  of  the  State." 

The  work  done  by  the  National  Guard  in  the  city  of  Dayton  was  of  such 
a  high  character  that  the  General  Order  quoted  above  is  but  a  poor  appre- 
ciation of  their  services.  They  came  to  a  city  crushed  down,  submerged, 
and  dark,  with  the  civil  government  gone.  They  started  the  work  of  re- 
creation and  they  did  their  work  well.  Both  officers  and  men  alike,  under 
the  most  disagreeable  and  painful  surroundings,  were  vigilant,  watchful,  and 
cheerful.  I  wish  to  especially  comment  upon  the  patrolling  done  by  the  en- 
listed men.  On  streets  covered  with  debris,  without  a  ray  of  light,  on  many 
nights  in  drenching  rain  storms,  they  marched  their  posts,  and  many  citizens 
of  Dayton  have  since  then  told  me  that  the  step  of  the  Guards  patrolling  the 
streets  was  the  sweetest  lullaby  they  had  ever  heard. 

It  would  be  unjust  to  conclude  this  military  report  without  alluding  to 
the  magnificent  work  done  by  the  Citizens'  Relief  Committee,  Colonel  John 
H.  Patterson,  Chairman,  Mayor  E.  T.  Phillips,  Colonel  Frank  T.  Huffman, 
Adam  Schantz  and  John  R.  Flotron.  In  connection  with  the  Red  Cross 
Society  they  had  charge  of  all  relief  work  and  co-operated  with  Dr.  Devine, 
local  manager  of  the  American  Red  Cross,  in  handling  the  vast  bulk  of 
business  that  passed  through  its  hands. 

The  Relief  Committee  also  most  cordially  supported  all  military  meas- 
ures taken  by  me,  and  by  their  personal  acquiescence  in  obeying  the  law  set 
an  example  to  the  other  citizens  of  Dayton. 

I  also  most  heartily  commend  the  untiring  efforts  of  Mr.  Mays  Dodds, 
Director  of  Public  Safety  of  the  city  of  Dayton.  From  Tuesday  morning, 
March  25,  1913,  when  the  waters  were  descending  upon  our  unhappy  city, 
until  May  6th,  when  I  turned  over  the  city  to  hin\,  there  was  never  the 
slightest  friction  between  his  department  and  the  Military  Government.  We 
worked  in  perfect  unison  for  the  saving  of  life  and  property,  the  guarding 
of  the  city  and  the  common  benefit  and  good  of  all  citizens. 

Major  Thomas  L.  Rhoads,  U.  S.  A.,  whose  services  were  kindly  given  to 
the  State  of  Ohio  by  the  War  Department,  performed  the  duties  of  Chief 
Sanitary  Officer  in  a  most  satisfactory  manner,  and  a  deep  debt  of  gratitude 
is  due  from  the  citizens  of  Dayton  to  Major  Rhoads  and  the  Secretary  of 
War. 

To  the  members  of  my  staff,  all  of  whom  displayed  great  zeal  and  faith- 
fulness in  the  performance  of  their  duty,  I  desire  to  express  my  sincerest 
appreciation  for  the  good  work. 

Colonel  Vollrath,  Colonel  Zimmerman,  Colonel  Bryant,  Colonel  Howard, 
Colonel  Catrow,  and  Lieutenant-Colonel  McQuigg,  during  their  service  in 
the  Dayton  Military  District,  carried  out  most  cordially  all  orders  looking 
to  the  rehabilitation  of  the  city  of  Dayton,  and  maintained  in  every  way  the 
high  standard  of  the  Ohio  National  Guard. 
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But  I  feel  that  my  deepest  debt  of  gratitude  is  to  you  for  your  hearty 
and  consistent  support  in  the  arduous  task  which  you  placed  on  me.  In  the 
early  days  of  the  flood,  when  the  problems  were  most  vexatious  and  diffi- 
culties greatest,  you  were  on  duty  at  every  hour  of  the  day  and  night,  and 
the  very  feeling  that  you  were  in  hearty  sympathy  with  the  work  done  made 
our  labors  easier  and  our  responsibilities  lighter. 

GEORGE  H.  WOOD, 
Brigadier-General,  Commanding  Dayton 
Military  District. 

Colonel  Chas.  X.  Zimmerman  was  in  charge  of  the  National 
Guard  at  Hamilton,  and  his  report  cites  briefly  the  conditions  there 
immediately  after  the  flood : 

Cleveland,  Ohio.  May  1,  1913. 
From:    Commanding  Officer,  Fifth  Infantry, 
To:   The  Adjutant  General  of  Ohio. 

Subject:     Report  of  Flood  Relief  Duty  at  Hamilton,  Ohio. 

Pursuant  to  telephonic  orders  from  General  John  C.  Speaks,  Assistant 
Adjutant  General,  received  at  Dayton  at  1:10  a.  m.,  on  the  29th  day  of 
March,  1913,  and  similar  orders  received  from  General  George  H.  Wood  at 
5:30  a.  m.,  same  day,  I  left  Dayton  accompanied  by  Captain  J.  W.  Pattison, 
Ordnance  Department,  for  Hamilton  at  6:00  a.  m.,  traveling  in  Captain 
Pattison's  automobile,  arriving  at  Hamilton  at  9:38  a.  m.  In  making  this 
trip  we  were  obliged  to  take  a  circuitous  route  because  many  of  the  bridges 
had  been  swept  away  by  the  flood.  We  found  Hamilton  a  terribly  stricken 
city.  All  of  the  business  district  was  or  had  been  under  water.  No  com- 
missary supplies  of  any  description  could  be  obtained  in  the  city  as  every- 
thing had  been  destroyed  or  carried  away  by  the  flood. 

I  met  with  a  number  of  men  who  had  formed  themselves  into  a  citizens' 
committee  to  look  after  the  welfare  of  the  stricken  people.  Every  member 
of  this  committee  made  a  verbal  report  of  conditions  existing  in  the  district 
under  his  particular  observation.  I  also  secured  information  as  to  the  work- 
ing ability  of  the  various  city  officials  under  existing  conditions.  The  com- 
mittee was  informed  that  martial  law  would  be  in  effect  immediately  and 
that  I  would  assume  charge  of  the  affairs  of  the  city  appointing  such  assist- 
ants as  would  be  deemed  necessary.  Headquarters  were  established  in 
Room  208,  Rentschler  Building.  Orders  were  issued  appointing  among 
others  Mr.  D.  H.  DeArmond,  Director  of  Safety,  Mr.  J.  H.  Holzberger. 
Director  of  Service,  and  Dr.  A.  L.  Smedley,  Health  Officer.  These  gentle- 
men held  similar  positions  under  the  civil  government.  These  officials,  to- 
gether with  Mr.  J.  H.  DeArmond,  Chief  of  Police,  and  the  gentlemen  ap- 
pointed as  emergency  efficiency  supervisors,  one  for  each  ward  in  the  city  of 
Hamilton,  were  of  great  service  to  me  and  of  still  greater  service  to  the  city 
and  its  inhabitants. 

The  following  troops  were  at  Hamilton  during  my  stay:  Companies  C, 
D,  F,  G,  First  Infantry;  Company  E,  Third  Infantry;  Troop  C.  First  Cavalry; 
First  Field  Hospital  Company,  Ohio  National  Guard,  and  a  Field  Hospital 
Company  under  the  command  of  Captain  Whaley  and  seventeen  non-com- 
missioned officers  U.  S.  Army.  All  of  the  troops  present  for  duty  did  most 
excellent  work,   the   Hospital   Company   did   valiant   service,   the  city  was 
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divided  into  fifty-six  districts  and  a  hospital  man  assigned  to  each  district. 
Every  house  was  visited  daily.  The  inhabitants  were  furnished  a  copy  of 
General  Order  No.  3,  giving  instructions  for  the  prevention  of  disease,  etc., 
and  were  given  verbal  instructions  as  to  the  requirements  of  this  order. 

Colonel  Chas.  F.  Hake,  Jr.,  of  Cincinnati,  was  on  duty  in  Hamilton  pre- 
vious to  my  taking  command,  and  had  the  situation  fairly  well  in  hand  be- 
fore my  arrival.  Lieut.  F.  A.  Finch,  Engineers  Corps,  U.  S.  Army,  was  also 
on  duty  in  Hamilton  and  volunteered  to  assist  in  every  way  possible.  He 
supervised  the  work  of  incinerating  the  dead  animals.  Three  hundred  and 
nineteen  horses,  about  the  same  number  of  dogs,  cats,  and  other  small  ani- 
mals, and  about  three  thousand  chickens  and  several  tons  of  condemned 
meat  were  burned  in  the  local  ball  grounds  in  the  city  limits. 

As  previously  noted,  it  was  impossible  to  secure  commissary  supplies  in 
Hamilton.  Great  quantities  of  these  supplies  were  donated  by  the  citizens 
of  Cincinnati  and  were  sent  to  Hamilton  in  trucks.  There  being  no  water 
supply,  orders  were  issued  preventing  the  lighting  of  fires;  the  Red  Cross 
Society  of  Cincinnati  was  requested  to  send  only  such  eatables  as  could  be 
eaten  immediately  after  delivery.  Bread,  butter,  boiled  ham,  canned  meat, 
fish,  apples,  bananas,  and  other  fruits  were  issued  in  the  bread  line.  At  first 
every  citizen  was  obliged  to  take  his  stand  in  line  as  eatables  could  not  be 
secured  from  other  sources.  Later  the  well-to-do  made  other  arrangements. 
CoflFee  was  furnished  by  the  local  committee  under  the  direction  of  the 
military  authorities,  the  coffee  being  cooked  and  served  in  fire-proof  build- 
ings only.  After  the  coming  of  the  Red  Cross  officials  the  management  of 
this  service  was  turned  over  to  them. 

The  work  of  cleaning  the  streets  was  started  with  a  vim.  Every  able- 
bodied  citizen  was  obliged  to  do  his  share  of  work  on  the  streets.  Although 
considerably  handicapped  by  lack  of  vehicles  at  the  start,  very  good  results 
were  produced.  Mr.  Holzberger,  Director  of  Public  Service,  assisted  by  Mr. 
Andrews,  Street  Commissioner,  secured  a  number  of  trucks  from  outside  the 
city  and  the  work  began  to  show  results  everywhere.  Streets  were  made 
passable,  sewers  opened,  water  pipes  repaired  and  water  pumped  into  them. 
The  Champion  Coated  Paper  Company  furnished  the  power  and  produced  a 
water  pressure  of  fifty-seven  pounds  or  better  by  day  or  night. 

The  city  of  Hamilton  is  divided  into  six  wards;  all  of  the  city  excepting 
the  First  Ward  is  east  of  the  river.  As  all  of  the  bridges  were  destroyed  by 
the  flood  it  was  deemed  advisable  to  build  a  pontoon  bridge  to  secure  com- 
munication and  to  permit  the  inhabitants  of  the  First  Ward,  who  were 
caught  by  the  flood  and  detained  in  the  center  of  the  city,  to  return  to  their 
homes.  I  took  up  this  matter  with  the  county  commissioners  and  they 
agreed  to  build  such  a  bridge.  We  secured  the  services  of  a  recently  dis- 
charged U.  S.  Engineer  Sergeant,  and  the  bridge  was  placed  in  position  in 
about  thirty  hours,  and  did  good  service  during  my  stay.  I  understand  this 
bridge  was  carried  away  by  the  strong  current  occasioned  by  the  rapid  rise 
of  the  water,  the  day  after  I  left  Hamilton,  and  was  never  rebuilt.  Before 
leaving  Hamilton  I  arranged  with  the  B.  &  O.  S.  W.  Railroad's  engineer  to 
construct  a  foot  bridge  in  connection  with  a  railroad  bridge  he  was  to  super- 
vise the  building  of,  and  which  was  to  be  completed  within  eight  days. 

Great  credit  is  due  to  all  the  city  officials  appointed  as  part  of  my  staff 
for  their  energy  and  for  the  harmonious  manner  in  which  they  carried  on 
their  work.    At  no  time  was  there  friction  between  the  civil  and  the  militarv 
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officials.  Greater  slill  is  the  credit  due  every  citizen  of  this  ({rief-sirlcken 
city  tor  the  manner  in  which  each  individual  went  about  to  clean  up  the  city, 
to  testofe  sanitation,  to  live  up  to  all  the  strict  rules  promulgated  by  the 
military  authorities,  and  to  assist  in  restoring  the  city,  its  business,  Us 
homes,  and  its  public  work  to  the  point  i>f  efficiency  and  comfort  in  evidence 
Uofore  the  disastrous  flood  became  an  unwelcome  visitor. 

Sunday,  March  :tOth.  Hon.  L.  M.  Garrison.  Sercretary  of  War,  General 
1,1'onard  Wood.  L".  S.  -Army,  and  myself  made  a  personal  inspection  of  the 
city.  Both  Mr.  Garrison  and  General  Wood  stated  thai  the  work  that  had 
been  done  and  that  was  being  done  was  to  the  best  interests  of  the  com- 
munity,  and   Mr.    Garrison   expressed   himself   to   the   reporters   present   as 

"Colonel  Zimmerman  and  the  othccrs  on  duty  with  him  have  met  and 
are  prepared  to  meet  the  whole  situation  efficiently  and  completely.  I 
sec  no  reason  why  the  work  being  done  here  should  not  be  continued 
along  the  same  lines,  and  I  cannot  conceive  of  any  reason  why  the  War 
Department  or  (he  tion'mment  sh.)uld  interfere  in  any  way." 


FIG.  :::!.— SI" BSTANTIAL  PAVEMENTS  WERE  COMPLETELY 

DESTROYED. 

On   South  B  Street.  Hamilton,  not  only  the  asphalt  was  removed,  but  even 

the  concrete  base  was  demolished. 

We  were  considerably  disturbed  by  the  lack  of  fire  protection.  One  fire 
engine  company  was  secured  from  Cincinnati.  A  request  for  one  thousand 
feet  of  hose  was  refused.  For  some  reason  the  authorities  at  Cincinnati 
doubted  the  necessity  for  this  request.  Upon  my  personal  solicitation, 
backed  by  that  of  Captain  Pattison  who  is  a  personal  friend  of  Mayor  Hunt 
of  Cincinnati,  the  Mayor,  accompanied  by  his  director  of  safety  and  chief 
of  his  salvage  crew,  paid  a  visit  to  Hamilton,  and  after  making  a  thorough 
investigation  of  conditions  agreed  to  and  did  send  two  thousand  feet  of 
fire  hose. 
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I  am  unable  to  furnish  a  list  of  the  dead  for  the  reason  that  I  left  Hamil- 
ton on  Friday.  April  4th,  turning  over  the  command  to  Colonel  L.  W. 
Howard,  Sixth  Infantry,  this  list  being  incomplete  at  the  time.  This  matter 
probably  will  be  taken  care  of  in  his  report. 

During  the  tour  of  duty  it  was  incumbent  on  me  to  act  as  court  officer. 
Very  few  cases  were  brought  to  my  attention,  the  citizens  in  general  being 
most  law-abiding. 

The  stern  character  of  justice  administered  and  the  sentences  imposed 
had  a  most  wholesome  effect  in  maintaining  law  and  order  and  strict 
obedience  to  military  order.  The  list  of  persons  tried  and  sentenced  will  be 
found  in  my  letter  to  Colonel  Howard  transferring  my  command. 

The  most  serious  case  brought  before  me  was  that  of , 

Humane  Agent  at  Hamilton,  and  his  companion .     They 

were  accused  and  plead  guilty  to  breaking  into  a  car  and  stealing  hams  that 

were  intended  for  the  hungry  people  of  Hamilton.    Both 

and  his  son  testified  that  they  carried  home  three  half-bushel  baskets  of 

hams  which  Mrs. was  salting  down  expecting  to  create  a 

year's   supply.     was  carrying  hams  home  in  his  arms. 

Some  two  hundred  pounds  had  been  so  disposed  of.    and 

were  sentenced  to  sixty  days  in  the  Cincinnati  work- 
house, sentence  being  suspended  during  the  time  they  remained  beyond  the 
city  limits  of  Hamilton.  They  were  drummed  out  of  camp.  The  military 
had  no  drums  with  them,  but ,  next  door  neighbor,  volun- 
teered to  do  the  drumming.    At  noon  every  person  stopped  work  and  stood 

on  the  curb  of  the  main  street  while and , 

in  charge  of  Troop  C,  were  marching  to  the  city  limits.  This  sentence  was 
in  all  of  the  papers  in  the  United  States,  and  although  it  may  be  considered 
severe  it  met  with  the  approval  of  every  Hamiltonian  and  did  more  to  stop 
petit  larceny  than  any  other  circumstance. 

Attached  hereto  you  will  find  copies  of  all  general  orders,  special  orders, 
memorandums  and  communications,  together  with  a  map  of  the  city  and  a 
set  of  photographs.  The  orders,  memorandums,  communications  and  photo- 
graphs will  give  you  as  clear  an  explanation  of  the  work  done  in  Hamilton 
as  the  most  lengthy  report. 

Before  closing  I  want  to  express  my  sincere  appreciation  of  the  work 
done  by  all  of  the  officers  and  men  who  served  with  me  during  the  tour  of 
service.  Especially  Colonel  C.  F.  Hake,  Jr.,  Major  F.  W.  Hendley,  Captain 
A.  M.  Whaley,  Lieutenant  H.  A.  Finch  and  Captain  John  W.  Pattison. 
These  officers  rendered  magnificent  service.  They  were  full  of  resourceful- 
ness and  energy,  and  they  assisted  both  the  soldiers  and  the  civilians  in  set- 
ting an  example  by  their  cheerful,  thorough,  and  prompt  obedience  to  order 
at  all  times. 

Respectfully  submitted  by 

CHAS.  X.  ZIMMERMAN, 

Colonel  Fifth  Infantry. 

If  the  flood  had  been  confined  to  a  single  river  system,  such  as 
the  Miami,  relief  could  have  been  secured  immediately,  and  pri- 
vations very  much  relieved :  but  almost  the  entire  state  was  in  dis- 
tress. The  report  of  Brigadier  General  Speaks  of  the  Ohio  National 
Guard  gives  an  accurate  general  impression  of  conditions  in  Ohio 
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during  and  immediately  after  the  flood,  and  indicates  the  extreme 
demorah'zation  of  the  functions  of  government,  communication,  and 
transportation.  The  entire  report,  except  for  detailed  commenda- 
tion of  the  work  of  the  Ohio  National  Guard,  is  reproduced : 

October  15.  ll)i:{. 
Tht*  AdjuUint  General.  Slate  of  Ohif>. 

Sir: — Suljiiiitted  herewith  is  a  report  of  service  performed  under  direction 
of  the  Governor  in  connection  with  the  flood  of  March,  J  1)13.  In  view  of  the 
large  number  of  reports  to  be  made  by  officers  commanding  districts,  sta- 
tions and  detachments,  covering  the  active  operations  of  troops  in  the  field, 
it  is  thought  advisable  to  limit  this  statement  to  a  general  review  of  the 
subject,  recounting  broadly  the  mobilization,  distribution  of  the  troops,  and 
the  service  performed  as  a  whole.  While  perhaps  not  entirely  necessary  in 
a  report  of  this  character  it  would  seem  for  record  purposes  not  inappro- 
priate to  refer  briefly  to  the  exigency  requiring  the  assistance  of  the  Guard. 

A  continued  and  unprecedented  rainfall  covering  an  area  whose  topog- 
raphy was  well  designed  to  produce  the  results  which  followed,  finally 
created  a  volume  of  water  overshadowing  all  previous  records,  and  setting 
at  naught  the  calculations  of  the  most  farseeing  official  who  might  be  giving 
such  matters  attention.  Barriers  which  had  proven  sufficient  in  danger 
stages  of  the  past  were  in  this  emergency  useless,  and  in  many  instances 
only  served  to  increase  the  destruction.  Great  watersheds  and  courses  com- 
bined to  make  a  resistless  flood,  swelling  to  proportions  undreamed  of» 
sweeping  everything  before  it  and  finally  submerging  miles  of  territory 
which  was  thought  absolutely  beyond  the  danger  line.  It  is  estimated  that 
no  less  than  one-half  million  people  were  directly  affected  by  inundation. 

In  loss  of  life  and  property,  in  suffering  endured  by  helpless  women  and 
children,  in  tortures  experienced  by  thousands  who  thought  themselves  safe, 
but  with  families  and  friends  imperiled  could  only  w^ait  for  the  final  story 
which  should  bring  happiness  or  added  sorrow,  the  entire  state  overshad- 
owed with  gloom  and  apprehension, — in  all  of  these  the  flood  of  March  may 
be  remembered  as  Ohio's  greatest  calamity,  and  will  be  recorded  as  one  of 
the  catastrophes  of  modern  times. 

In  its  wake  came  the  opportunity  to  witness  that  wonderfully  impressive 
spectacle  occurring  at  rare  intervals,  a  great  state,  and  even  a  nation  in 
united,  serious,  and  vigorous  action. 

Instantly  with  the  first  news  of  the  disaster  and  intimation  that  assist- 
ance might  be  required,  there  came  from  the  country's  remotest  limits  mes- 
sages of  sympathy  and  assurance,  tenders  of  aid  and  inquiries  as  to  the 
manner  in  which  a  patriotic  people  could  best  give  expression  to  their  desire 
to  lend  substantial  comfort.  From  the  President  to  the  humblest  citizen; 
from  the  great  commercial  and  financial  institutions  of  the  cities  to  the 
hastily  formed  relief  committees  of  the  smallest  hamlet;  from  every  form  of 
organized  society  to  countless  individual  activities;  from  North,  South,  East, 
and  West  came  a  cry  of  encouragement  to  the  relief  workers  and  of  generous 
promise  to  the  stricken. 

The  one  great  predominating  lesson  of  the  flood  was  found  in  that  mag- 
nificent exemplification  of  patriotic  comradeship  and  Christian  sympathy 
permeating  the  hearts  of  the  American  people. 
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With  characteristic  energy  and  resourcefulness  the  entire  personnel  of 
the  state,  with  the  Governor  leading,  at  once  addressed  itself  to  the  all- 
absorbing  problem  of  succoring  their  distressed  neighbors  and  fellow  citi- 
zens. Every  available  agency  which  could  be  of  service  in  the  inspiring 
work  was  freely  at  command  of  those  directing  operations.  Railways 
promptly  placed  such  of  their  lines  as  could  be  used  at  the  public  disposal, 
permitting  freest  use  of  equipment  and  traffic  resources;  telephone  com- 
panies rendered  marked  service  in  improvising  lines  of  communication  to 
the  stricken  districts.  At  the  same  time  these  activities  were  in  progress 
incessant  rains  continued,  and  the  public  mind  was  kept  at  a  high  pitch  of 
excitement  by  wild  reports  of  additional  dangers  impending  by  reason  of 
breaking  dams  and  reservoirs.  While  there  was  little  occasion  to  fear  fur- 
ther from  this  cause  it  seemed  impossible  to  allay  apprehension.  Witnesses 
of  the  scenes  in  Columbus,  for  instance,  following  the  apparently  authentic 
report  that  the  storage  dam  had  given  way  will  probably  never  forget  the 
experience.  Similar  incidents  occurred  in  other  localities  and  much  mental 
suflFering  resulted  from  these  sources. 

Reporting  at  the  Governor's  office  at  9:30  o'clock  p.  m..  March  25th,  pur- 
suant to  instructions  by  phone,  and  being  advised  that  in  the  absence  of 
Adjutant  General  Wood,  who  was  water-bound  at  Dayton,  I  should  mobilize 
such  portion  of  the  Guard  as  might  be  required  for  service  in  sections  af- 
fected by  the  flood,  plans  were  at  once  made  to  that  end.  At  this  moment 
the  full  extent  of  the  disaster  was  not  realized,  although  it  was  known  that 
certain  sections  were  in  a  serious  condition  with  many  indications  that  a 
wide  area  would  finally  be  involved.  Developments  soon  revealed  a  situa- 
tion impossible  to  anticipate  and  without  parallel  in  the  history  of  Ohio's 
misfortunes.  There  was  no  former  experience  to  guide  in  this  emergency 
and  it  thus  became  necessary  to  hurriedly  formulate  and  adopt  such  meas- 
ures and  plans  as,  at  the  moment,  seemed  most  likely  to  assure  success  in 
meeting  each  new  condition  as  it  arose.  As  the  operations  progressed  you 
directed  that  General  Wood  should  assume  command  of  the  troops  report- 
ing at  Dayton,  and  remain  in  charge  of  that  district.  By  your  order  also 
General  McMaken  was  placed  in  charge  of  the  northern  portion  of  the  state, 
but  in  view  of  the  alarming  conditions  along  the  Ohio  River  he  was  ordered 
to  Cincinnati  with  a  proper  force,  including  the  Naval  Brigade  with  boats, 
to  organize  and  direct  the  relief  measures  it  was  anticipated  would  be  re- 
quired for  that  section,  and  to  command  the  district  south  of  Dayton  and 
west  of  the  Scioto  River. 

For  the  moment  Dayton  appeared  to  be  the  point  most  seriously  affected 
and  initial  plans  and  movements  were  framed  with  that  place  as  the  objec- 
tive. It  soon  developed,  however,  that  other  cities  and  towns  scattered  in  all 
sections  of  the  state  were  calling  for  assistance,  but  impaired  lines  of  com- 
munication prevented  their  appeals  reaching  Columbus  until  a  later  hour. 
Soon  Piqua,  Sidney,  Troy,  Middletown,  Hamilton,  Miamisburg,  Defiance, 
Napoleon,  Ottawa,  Fremont,  Tiffin,  Warren,  Ravenna,  Youngstown,  Dela- 
ware, Columbus,  Zanesville,  McConnellsville,  Marietta,  Pomeroy,  Middle- 
port,  Gallipolis,  Ironton,  Portsmouth,  Manchester,  Chillicothe  and  many 
small  places  in  the  Miami,  Scioto,  Maumee,  Sandusky,  Ohio  and  Muskingum 
Valleys  found  themselves  in  need  of  help  and  were  included  in  the  relief 
operations.  Even  farming  sections  were  seriously  involved,  the  loss  to  these 
interests  reaching  an  immense  sum  by  reason  of  the  fact  that  hundreds  of 
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acres  of  land  were  ruined  by  having  all  soil  swept  away,  while  in  other  cases, 
rich,  producing  territory  was  transformed  into  immense  gravel  beds. 

Lack  of  transportation  facilities  made  it  impossible  for  any  regimental 
organization  to  concentrate  at  any  point  with  its  entire  strength.  Com- 
manding officers  with  well  laid  plans  for  hasty  mobilization,  requiring  but  a 
few  telegrams  or  telephone  messages  to  insure  prompt  action  including  even 
railway  transportation,  found  such  arrangements  almost  useless  on  this 
occasion.  In  every  instance  some  companies  were  unable  to  reach  the  gen- 
eral rendezvous,  regimental  organizations  therefore  being  considerably  dis- 
rupted. With  such  companies  as  were  available  every  effort  was  made  to 
quickly  reach  points  to  which  they  were  ordered,  instructions  being  left  for 
remaining  organizations  to  follow.  Many  of  these  were  required  for  service 
at  home  stations  while  others,  being  the  only  troops  available  for  meeting 
an  emergency,  were  detached  by  orders  from  General  Headquarters,  without 
means  to  communicate  the  facts  to  regimental  commanders.  The  disinte- 
gration of  commands  was  regretted,  but  entirely  unavoidable.  In  many  in- 
stances it  was  most  fortunate  since  it  resulted  in  providing  a  reserve  force 
for  meeting  demands  wholly  unexpected. 

It  would  be  difficult  to  conceive  more  unfavorable  conditions  for  mobiliz- 
ing hurriedly,  and  the  whole  situation  presented  a  condition  well  calculated 
to  test  the  capabilities  and  efficiency  of  the  National  Guard  for  emergency 
purposes.  It  might  be  added  that  the  troubles  were  not  lightened  when  each 
call  for  help  was  coupled  with  the  imperative  admonition  that  troops  and 
haste  were  absolutely  necessary.  Telephone  and  telegraph  lines  were 
greatly  impaired,  in  many  instances  large  areas  being  wholly  without  means 
of  communication,  making  the  transmission  of  orders  and  information  ex- 
tremely difficult  or  impossible.  Railway  and  traction  systems  most  needed 
were  completely  demoralized.  Lines  running  to  districts  appealing  for 
soldiers,  food,  and  clothing,  were  helpless  in  many  instances,  bridges  and 
miles  of  trackage  having  entirely  disappeared.  The  great  agencies  so  essen- 
tial to  modern  activities,  and  which  the  country  has  learned  to  rely  upon, 
seemed  prostrate. 

Orders  directed  commanding  officers  to  assemble  their  organizations  with 
the  information  that  the   Miami  Valley  would  probably  be  the  objective. 
They  were  advised  to  get  in  touch  with  railway  officials  and  make  any  trans- 
portation arrangements  possible.     They  were  informed  that  there  was  no 
train  service  out  of  Columbus  and  no  roads,  either  steam  or  traction,  reach- 
ing Dayton.     Large  quantities  of  extra  commissary  supplies  were  ordered 
taken  so  that  all  detachments  might  be  prepared  to  furnish  relief  wherever 
their  operations  extended.    Many  telegraphic  orders  relating  to  mobilization 
reached  commanding  officers  24  hours  after  being  filed.     In  the  meantime, 
however,  every   conceivable  method  was  employed   to  insure   information 
reaching  them.     Telephone  and  telegraph  relays;  automobiles,  horsemen; 
foot  messengers;  in  instances  a  farm  house  could  be  reached  and  obligingly 
turned  out  a  courier  to  arouse  an   officer  in  a  nearby   town,  and   he   in 
turn  took  steps  to  have  the  order  still  further  advanced.     In  other  cases, 
telephone   or   railway  telegraph    operators,   who  alone    could   be   reached, 
closed  their  offices  while  arousing  any  officer  or  enlisted  man  to  whom  the 
information  could  be  conveyed.     In  the  meantime,  railway  superintendents 
and  general  managers  were  called  into  conference,  and  after  receiving  re- 
ports and  information  from  every  source  it  was  found  impossible  to  reach 
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any  point  south  of  Columbus  in  either  the  Miami,  Scioto,  or  Muskingum 
valleys.  Communication  was  finally  established  with  Cincinnati,  which  for- 
tunately could  reach  Hamilton  and  Middletown  by  automobile.  Later 
Springfield  and  Xenia,  with  intervening  towns,  succeeded  in  reaching  Day- 
ton via  the  Pennsylvania,  followed  by  Washington  Court  House  which 
found  a  connection  through  the  C.  H.  &  D. 

In  the  meantime,  from  all  sections  of  the  state  information  was  con- 
stantly reaching  Headquarters,  telling  the  story  of  destruction  and  suffer- 
ing, with  always  a  request  for  soldiers.  While  communication  was  difficult, 
from  out  of  the  wreckage  there  was  always  one  hope  that  important  mes- 
sages could  be  received  and  transmitted.  Tom  Green,  wire  chief  of  the  Bell 
exchange  at  Columbus,  realizing  the  importance  of  the  work  in  hand,  volun- 
teered his  services,  and  placed  at  the  state's  disposal  every  facility  his  com- 
pany afforded.  With  power  to  instantly  seize  any  working  wire,  and  assisted 
by  a  corps  of  expert  operators  stationed  at  advantageous  places,  and  thor- 
oughly conversant  with  the  entire  system,  there  was  usually  a  possibility 
that  some  connection  could  be  made  with  the  most  important  points.  From 
Columbus  to  Delaware,  via  Indianapolis  or  Chicago,  for  instance,  or  from 
Headquarters  to  Pittsburgh,  connecting  with  telegraph  to  Parkersburg. 
thence  by  private  wire  to  a  point  near  Marietta,  from  which  messengers 
transmitted  information  to  that  city.  While  individual  commendation 
seems  unnecessary  where  heroism  was  so  commonly  displayed,  the  import- 
ant part  performed  by  this  man  and  his  comrade, Bell,  entitle  them 

to  the  distinction  and  medals  conferred  upon  them  by  the  General  Assembly. 

At  the  darkest  hour  on  the  first  night,  while  Dayton  was  entirely  lost  to 

the  world,  there  came  a  call  from  the  heart  of  the  submerged  city.      

Bell,  wire  chief  of  the  Dayton  exchange,  was  finally  forced  to  the  upper 
stories,  where  he  succeeded  in  connecting  with  the  only  remaining  trunk 
line  leading  out  of  the  city.  Unable  to  communicate  with  any  person  in 
Dayton  he  could  only  observe  from  the  windows  and  by  occasional  trips  to 
the  roof  and  thus  keep  the  world  advised  as  to  what  was  occurring  within 
his  range  of  vision.  The  tragic  story  in  its  successive  stages  told  by  this 
man  while  remaining  at  the  post  of  duty  presented  a  fitting  theme  for  the 
dramatist's  pen. 

By  10:00  o'clock  on  the  morning  of  the  26th,  regimental  organizations 
had  made  a  creditable  mobilization  and  were  waiting  transportation.  In 
many  instances,  however,  companies  remained  on  duty  at  home  stations, 
being  ordered  into  service  by  local  authorities,  joining  their  commands  at  a 
later  date  for  the  more  extended  service.  Columbus  organizations  were 
called  by  the  Mayor  at  noon  of  the  25th,  and  remained  on  duty  in  that  city, 
martial  law  being  proclaimed  and  a  separate  military  district  established  by 
orders  of  the  Governor.  The  7th,  with  the  exception  of  five  companies,  was 
marooned  at  home  stations  and  fortunately  so,  since  their  services  were 
sorely  needed  at  those  points.  Portions  of  the  2nd  and  8th  Regiments  finally 
reached  Troy,  from  which  point  south  railroad  facilities  were  entirely  sus- 
pended. From  thence  to  Dayton  their  progress  was  by  marches,  the  coun- 
try-side supplying  wagons  for  transporting  commissary  and  other  stores. 
Snow  and  rain  added  to  their  difficulties.  Communication  was  maintained 
with  this  column,  their  operations  resembling  a  miniature  military  cam- 
paign. The  6th  Infantry,  with  auxiliary  troops  from  Toledo,  after  using 
boats  to  transfer  men  and  supplies  across  a  swollen  strtam  and  with  a  shor» 
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march  finally  found  an  entrance  to  Dayton;  the  5th  Engineer  Battalion  and 
htaval  detachment  of  Cleveland,  by  a  circuitous  route,  also  reaching  that 
point.  The  unattached  companies  of  the  late  1st  Infantry  reached  Hamil- 
ton, Middletown,  and  other  points  in  the  lower  valley  by  automobile  and 
marches.  The  3rd  was  almost  entirely  on  duty  at  the  respective  home  sta- 
tions, the  outlying  companies  later  reporting  at  Dayton  for  the  extended 
service.  At  the  same  time  an  expedition,  comprising  companies  of  the  8th, 
2nd,  and  3rd,  for  the  relief  of  Zanesville  and  the  Muskingum  Valley,  finally 
secured  railroad  transportation  to  point  within  a  few  miles  of  that  city, 
from  whence  by  boats,  carried  as  a  part  of  their  equipment,  troops  and  sup- 
plies were  forwarded.  Signal  Corps  detachments  accompanying  these  oper- 
ations established  lines  of  communication  with  the  various  stations,  using 
their  own  equipment  for  this  purpose. 

The  service  covered  widest  range  in  character  and  importance.  Gener- 
ally speaking,  machinery  of  civil  government  was  demoralized,  the  ordinary 
safeguards  designed  to  insure  safety  to  life  and  property  being  unable  to 
meet  the  greatly  increased  responsibilities  confronting  them.  Lighting, 
water,  sewage,  and  transportation  systems  were  wiped  out,  or  wholly  use- 
less, for  the  time  leaving  cities  in  darkness,  without  means  of  communica- 
tion, and  deprived  of  every  convenience.  Food  and  other  supplies  were  de- 
stroyed, and  the  people  wholly  employed  with  the  primal  questions  of  some- 
thing to  eat,  a  place  for  shelter,  and  personal  safety.  Millions  in  public 
property,  banks,  stocks  of  merchandise,  and  private  belongings  were  at  the 
mercy  of  looters.  In  a  number  of  instances  the  civil  authorities  failed  en- 
tirely, thus  adding  confusion  to  the  deplorable  conditions.  It  can  readily  be 
understood  why  the  call  for  troops  was  constant  and  imperative.  With  their 
arrival  followed  order,  safety  to  life  and  property,  the  machinery  of  govern- 
ment was  reestablished,  and  the  work  of  rehabilitation  set  on  foot.  In 
some  cases  martial  law  was  proclaimed  and  welcomed  by  the  citizens  as  the 
only  method  of  relieving  the  chaotic  conditions.  It  thus  became  a  matter  of 
the  military  authorities  taking  complete  control  in  directing  the  work  of  re- 
construction, in  enforcing  the  laws  of  health  and  providing  for  the  distri- 
bution of  relief  supplies.  This  form  of  government  seemed  so  well  suited 
to  existing  conditions  that  in  every  instance  suggestions  from  headquarters 
looking  to  its  being  revoked  resulted  in  a  prompt  protest  from  the  places 
affected.  This,  in  spite  of  the  fact  that  in  some  cases  it  became  necessary  to 
establish  curfew  hours  and  regulate  the  periods  when  lights  and  fires  might 
be  used  for  ordinary  household  purposes.  With  one  or  two  exceptions  it 
is  probable  that  in  times  of  peace  this  country  never  experienced  an  occa- 
sion requiring  such  drastic  measures  as  were  necessary  during  these 
operations. 

Immediately  following  your  announcement  of  the  conditions  existing  in 
Ohio,  came  a  flood  of  messages  from  every  section  advising  that  money  and 
relief  supplies  of  every  character  were  being  forwarded.  A  special  depot 
for  quartermaster  and  other  stores  was  established  at  Columbus,  with 
branches  at  advantageous  points.  Colonel  Edward  T.  Miller  being  in  charge 
of  the  whole.  The  commissary  depot  was  under  direction  of  Majors  Arthur 
W.  Reynolds  and  David  S.  Lynch,  while  Colonel  Mac  Lee  Wilson,  by  your 
direction,  was  designated  as  custodian  of  the  financial  contributions.  The 
report  of  these  officers  indicate  the  tremendous  volume  of  business  trans- 
acted by  the  several  departments.     Dayton  being  most  prominently  men- 
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tioned  in  early  reports  of  the  disaster,  hundreds  of  car  loads  and  broken 
shipments  were  started  consigned  to  that  city,  with  no  possibility  of  de- 
livery. It  became  necessary  to  intercept  and  re-route  many  of  these  in  order 
to  make  intelligent  and  equitable  distribution  of  the  supplies.  Railway 
officials  generally  rendered  valuable  assistance  in  this  work.  These  opera- 
tions were  carried  on  with  such  energy  and  system  that  after  the  hrst  48 
hours  there  was  no  occasion  for  any  persons  being  without  food  and 
clothing. 

A  sanitary  force,  including  the  entire  strength  of  the  hospital  and  sani- 
tary troops  of  the  state,  reinforced  by  many  local  health  boards  and  officers, 
all  under  the  direction  of  Colonel  Joseph  A.  Hall,  performed  most  efficient 
service  throughout  the  various  districts  in  the  work  of  sanitation,  general 
cleaning  up,  and  taking  such  precautions  as  were  necessary  to  prevent  the 
dangers  from  sickness  and  pestilence,  which  it  was  feared  would  follow  the 
disaster. 

The  entire  tour  of  service  was  exacting,  laborious,  and  performed  under 
the  most  trying  circumstances — the  weather  being  extremely  disagreeable 
during  a  greater  part  of  the  time.  In  addition  to  ordinary  military  duties 
officers  and  men  ^vere  called  upon  to  perform  every  conceivable  form  of 
service  entering  into  the  conduct  of  municipal  government,  including  the 
work  of  rehabilitation.  In  every  instance  the  operations  were  carried  on  in 
such  manner  as  to  merit  highest  praise  from  the  people  they  were  serving. 
Fortunately,  the  Guard  embraces  in  its  personnel  men  from  every  pro- 
fession, vocation,  and  trade  entering  into  the  activities  of  every  day  routine. 
This  fact,  coupled  with  the  advantages  of  organization  and  military  training, 
made  them  especially  serviceable  in  the  crisis,  and  they  at  once  became  a 
dominating  factor  in  restoring  confidence  and  hastening  the  return  to  nor- 
mal conditions.  The  same  statement  applies  to  the  many  retired  and  ex- 
officers  and  men  living  in  affected  districts.  Many  of  these  communicated 
with  general  headquarters  at  the  earliest  possible  moment,  and  as  a  result  of 
their  training  and  experience  in  the  Guard  were  able  to  render  most  efficient 
service. 

Without  intention  in  the  slightest  degree  to  say  anything  which  might  be 
construed  as  criticism,  brief  reference  is  made  to  certain  conditions  existing 
in  connection  with  the  military  department  when  the  call  for  troops  was 
found  necessary.  The  General  Assembly  was  in  session,  and  for  some  two 
months  previous  to  the  flood  a  joint  committee  from  that  body  was  making 
an  investigation  of  certain  individual  incidents  and  departmental  methods. 
While  not  involving  the  entire  organization,  and  although  nothing  indicat- 
ing moral  turpitude  was  developed,  there  were  perhaps  certain  matters 
justifying  criticism.  These  were  given  widest  publicity  and  frequently  pre- 
sented in  such  manner  as  to  leave  the  public  with  erroneous  impressions  as 
to  conditions  actually  existing.  The  committee  had  not  reported,  but  suffi- 
cient had  occurred  to  affect  the  esprit  de  corps,  and  there  was  a  general 
feeling  among  officers  and  men  that  a  stigma  had  been  placed  upon  the 
entire  National  Guard.  In  view  of  this  condition  and  considering  the  mag- 
nitude of  the  disaster,  fears  were  entertained  in  certain  circles  that  the  state 
forces  might  not  be  equal  to  the  emergency  and  that  the  occasion  demanded 
federal  troops,  later  developments  indicating  that  some  steps  had  been  taken 
to  that  end.  It  was  quickly  demonstrated  that  such  course  was  unnecessary, 
however,  and  prompt   decision   of  the   Commander-in-Chief  to  place  his 
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reliance  in  the  National  Guard  saved  the  organization  from  humiliation  and 
irreparable  injury.  The  zealous  and  efficient  service  rendered  justified  his 
confidence,  and  it  was  a  source  of  very  great  satisfaction  to  officers  and  men 
when,  after  arriving  in  the  state  and  visiting  important  points,  the  Secretary 
of  War  and  Commanding  General  of  the  Army  publicly  announced  that  no 
troops  could  have  met  the  crisis  in  a  more  capable  manner.  It  is  pleasing 
to  add  that  the  prestige  of  the  Guard  was  preserved,  and  that  at  the  com- 
pletion of  the  tour  of  duty  the  General  Assembly  unanimously  passed  a  joint 
resolution  directing  that  in  recognition  of  the  services  rendered  by  the 
National  Guard  in  connection  with  the  flood,  the  Adjutant  General  prepare 
and  issue  to  each  officer  and  man  a  "Campaign  Ribbon*'  "similar  in  size  to 
that  issued  by  the  War  Department  to  soldiers  of  the  United  States  Army." 

*  *  *  *     '  *  Hi  m 

In  conclusion,  I  make  acknowledgment  of  the  uniform  courtesy  and 
spirit  of  helpfulness  accorded  General  Headquarters  by  every  officer  and 
man  associated  with  the  flood  service.  These  operations  were  doubtless  the 
most  extensive  and  important  which  the  Ohio  National  Guard  has  been 
called  upon  to  perform.  Their  preparedness  and  ability  to  accomplish  the 
difficult  problems  presented  in  this  great  emergency  were  a  revelation  and 
source  of  gratification  to  citizens  generally.  Their  deportment  was  beyond 
criticism,  while  the  intelligent  and  zealous  manner  in  which  their  duties 
were  executed  justly  entitles  them  to  recognition  as  a  most  important 
branch  of  the  state  government  and  a  safe  reliance  in  times  of  danger. 
*****  *  * 

JOHN  C.  SPEAKS, 
Brigadier  General,  Ohio  National  Guard. 

Knowing  that  disease  commonly  follows  such  a  disaster  health 
authorities  including  those  of  the  local,  state,  and  national  govern- 
ments immediately  took  precautions  to  maintain  the  health  of  the 
communities  in  the  Miami  Valley. 

On  March  26,  Dr.  R.  H.  Grube,  a  member  of  the  State  Board  of 
Health,  established  headquarters  at  the  National  Cash  Register 
Company  plant  in  Dayton  and  acted  in  an  advisory  capacity.  On 
March  29  the  State  Board  divided  the  city  into  eight  sanitary  dis- 
tricts with  a  doctor  in  charge  of  each,  with  authority  to  appoint  as- 
sistants. Emergency  hospitals  and  central  supply  stations  for  the 
distribution  of  medical  supplies  were  provided.  Two  quarantine 
stations  were  established  to  take  care  of  infectious  diseases.  On 
March  30,  Major  Thomas  L.  Rhoads  of  the  Medical  Corps  of  the 
U.  S.  Army,  was  placed  in  charge  of  the  work,  with  the  title  of 
Chief  Sanitary  Officer,  and  divided  the  city  into  sixteen  sanitary 
districts. 

The  work  done  included  the  hauling  away  of  debris,  distribut- 
ing rations,  cleaning  and  disinfecting  houses  and  premises,  remov- 
ing dead  animals,  cleaning  catch  basins  and  vaults,  and  distributing 
medical  supplies  and  disinfectants.  The  work  of  the  sanitary  de- 
partment continued  till  April  25.  The  following  list,  abstracted 
from  the  report  of  Major  Rhoads  to  the  Secretary  of  War,  indicates 
the  extent  of  this  work  during  the  month  following  the  flood : 
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WORK  OF  SANITARY  DEPARTMENT,  DAYTON,  OHIO,  MARCH  29 

TO  APRIL  25,  1913. 

133,600  wagon  loads  of  debris  hauled  away. 
580,000  Government  rations  distributed. 
12,131  houses,  cellars  and  premises  cleaned  and  disinfected. 
1.860  houses,  cellars   and  premises  cleaned  and  disinfected   by   property 
owners  under  supervision  of  Sanitary  Department. 
98  dead  bodies  recovered  and  embalmed. 
1,420  dead  horses  removed. 
2,000  other  dead  animals  removed. 
4.177  privy  vaults  disinfected  in  flooded  district. 
84,325  house  inspections  made. 
60,000  sanitary  notices  distributed. 
2,100  emergency  cases  given  medical  aid. 

58  car  loads  of  disinfectants  used. 
2.200  catch  basins  cleaned. 
102  comfort  stations  erected. 

On  March  29,  a  representative  of  the  State  Board  of  Health  ar- 
rived at  Hamilton.  Relief  work  at  first  was  not  organized,  medical 
men  from  U.  S.  Army  and  Navy,  and  from  the  State  Board  of 
Health  were  on  the  ground  but  working  independently.  The  State 
Board  of  Health  then  took  charge  of  the  work  of  sanitation.  The 
city  was  divided  into  districts,  regulations  and  instructions  were 
posted,  and  supplies  were  distributed. 

The  American  Red  Cross  Society  during  6  weeks  after  the  flood 
performed  extensive  service,  sending  nurses  and  financial  aid,  and 
after  turning  its  work  over  to  the  Associated  Charities,  kept  a  rep- 
resentative on  the  ground  for  a  longer  period. 

The  smaller  cities  were  visited  by  members  of  the  State  Board 
of  Health  who  inspected  conditions,  issued  instructions  and  as- 
sisted in  relief  work.  A  detailed  account  of  the  work  of  the  State 
Board  is  given  in  the  Monthly  Bulletin  of  the  Board  for  May,  1913. 

Before  relief  work  became  organized  a  great  many  independent 
and  unrelated  efforts  were  made  to  alleviate  conditions,  but  within 
a  few  days  these  were  coordinated,  especially  in  the  larger  cities 
and  villages.  Law  and  order  was  maintained  by  the  National 
Guard,  sanitation  was  in  charge  of  the  State  Board  of  Health,  and 
relief  measures  were  under  direction  of  the  National  Red  Cross  As- 
sociation. In  nearly  all  cases  a  large  part  of  the  actual  work  and 
much  of  the  supervision  was  performed  by  local  citizens.  Thus,  in 
Dayton  the  Citizens  Relief  Commission  bore  the  brunt  of  the  work, 
the  Bicycle  Club  was  responsible  for  the  removal  of  dead  animals, 
the  telephone  employees  gave  heroic  service  in  keeping  and  re-es- 
tablishing communications,  the  National  Cash  Register  Company 
did  wonders  in  relief  work,  local  bakers  used  their  entire  facilities 
for  supplying  food,  and  farmers  in  the  adjoining  country  brought 
in  large  quantities  of  provisions.  Governor  Cox  was  largely  in- 
strumental in  coordinating  the  relief  agencies  throughout  the  State. 

Gradually  the  cities  took  over  the  functions  of  government  and 
of  relief  until  by  the  middle  of  summer  there  were  very  few  evi- 
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dences  of  management  by  external  agencies.  The  American  Red 
Cross,  the  last  of  the  public  relief  agencies  to  remain  in  the  field, 
closed  its  work  during  the  following  winter. 

THE  STATE  RESERVOIRS  DURING  THE  FLOOD 

During  and  after  the  flood  there  were  numerous  reports  that  the 
Lewistown  and  Loramie  reservoirs  had  broken  and  had  contrib- 
uted to  or  caused  the  flood.  A  socialist  paper  in  Dayton  insisted 
vehemently  that  the  flood  was  caused  by  the  manipulation  of  the 
reservoir  gates  by  certain  members  of  the  capitalist  class  who  de- 
sired a  flood  in  order  to  bring  about  certain  political  changes. 
While  as  a  matter  of  fact  the  very  slight  effect  of  these  reservoirs 
tended  to  reduce  rather  than  increase  the  flood,  many  persons  not 
informed  of  the  actual  conditions,  still  believe  seriously  that  the 
reservoirs  failed  or  at  least  were  largely  to  blame. 

In  order  to  have  a  definite  record  of  conditions,  two  examinations 
were  made  of  the  reservoirs,  the  first  in  June,  1913,  and  the  second 
in  November  of  the  same  year.  Later,  detailed  topographic  surveys 
were  made  of  both  locations. 

The  Lewistown  Reservoir,  built  in  1851-60  at  a  cost  of  $600,000 
for  the  purpose  of  storing  enough  water  to  insure  an  abundant  sup- 
ply for  the  southern  part  of  the  Miami  &  Erie  Canal,  is  situated  in 
Stokes,  Washington,  and  Richland  Townships,  Logan  County,  Ohio. 
It  has  a  drainage  area  of  about  127.4  square  miles,  a  water  area  of 
about  10  square  miles,  an  extreme  depth  of  15  feet,  and  a  designed 
capacity  of  45,900  acre  feet.  It  contains  many  islands  and  a  large 
area  of  shallow  water,  with  a  heavy  growth  of  rushes.  The  reser- 
voir occupies  a  wide,  shallow  depression,  the  water  being  confined 
in  parts  by  means  of  earth  levees  with  12  foot  tops,  and  from  1  to 
18  feet  in  height.  In  the  immediate  vicinity  of  the  waste  weir  and 
waste  gates  the  bank  was  protected  by  a  concrete  wall,  but  other- 
wise where  protection  was  attempted  it  consisted  of  piling  and 
timber  revetment  in  very  bad  repair,  and  was  entirely  inadequate 
to  protect  the  banks  from  wave  action  when  the  water  was  high  in 
the  reservoir.  The  land  to  the  south  and  west  of  the  reservoir  is 
very  low  and  is  under  water  each  spring. 

A  three  days'  visit  was  made  to  the  Lewistown  reservoir  on 
June  26,  27,  and  28,  1913,  precautions  being  taken  that  the  persons 
interviewed  should  not  know  that  an  investigation  was  being  made. 
There  seems  to  be  no  question  as  to  what  occurred  during  the  flood 
of  March,  1913,  the  eye  witnesses  agreeing  on  all  essential  points, 
and  the  evidence  still  on  the  ground  bearing  out  their  statements. 
The  heavy  rainfall  of  the  last  of  March  raised  the  level  of  the  water 
in  the  reservoir  about  40  inches  above  normal,  or  within  from  9  to 
14  inches  of  the  average  top  of  the  embankments.  Just  before  the 
storm  began  the  water  was  about  14  inches  below  the  spillway  crest. 
At  the  maximum  stage  it  was  about  3  feet  deep  over  the  spillway 
crest,  representing  storage  about  4  feet  deep  over  an  area  of  about 
10  square  miles.  The  total  volume  of  water  above  the  dam  of  such 
a  stage  would  be  about  25,000  acre  feet. 
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Tht  descriptions  given  by  residents  indicate  that  the  high  water 
below  the  reservoir  was  caused  largely  by  the  extreme  flood  condi- 
tions in  the  small  creeks  entering  below  the  reservoir.  These 
creeks  backed  the  water  tip  to  the  downstream  side  of  the  earth 
dam  to  such  a  height  that  the  water  below  the  dam  was  only  about 
5  feet  lower  than  the  highest  water  above  the  dam.  One  man 
claims  that  the  flow  of  water  from  the  small  creeks  into  the  flat 
land  below  the  basins  created  a  strong  current  upstream  in  the  river 
and  that  he  rowed  several  miles  downstream  against  a  strong  cur- 
rent and  then  drifted  back  with  the  current  to  the  reservoir.  The 
large  area  of  flat  land  below  the  reservoir  tilled  up  and  became 
practically  a  lake  several  miles  wide.    The  water  iii  the  reservoir 


FIG.  38.— DOWNSTREAM  VIEW  OF  OUTLETS  OF  LEWISTOWN 
RESERVOIR. 
The  opening  of  the  gates  of  this  reservoir  which  is  situated  on  the  head- 
waters of  the  Miami  River,  was  supposed  by  many  people  to  be  the  cause  of 
the  flood.    The  gale  opetiings  measure  4  feet  by  5  feet. 

did  not  quite  overtop  the  embankment  near  the  spillway,  but  did 
overflow  at  the  following  points : 

1.  At  the  waste  weir  situated  at  the  most  southerly  point  of  the 
reservoir.  This  consists  of  a  concrete  wall  700  feet  long.  From 
marks  given  by  Lou  Fisher,  hotel  keeper  at  the  bulkhead,  the 
depth  of  water  was  about  38  inches  over  the  weir. 

2.  At  the  waste  weir  gates,  which  are  situated  about  1000  feet 
west  of  the  waste  weir,  consisting  of  two  gates  4  feet  wide  and  5 
feet  high.  The  downstream  ends  of  the  gate  openings  are  shown 
in  figure  36.  The  gates  are  set  in  a  concrete  bulkhead,  are  oper- 
ated from  above  by  means  of  a  wheel  and  worm  gears,  and  have  a 
V-shaped   piling  protection   to  keep   out   accumulations   of  drift. 
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These  gates  were  wide  open  during  the  flood,  but  their  discharge 
was  insignificant  when  compared  to  the  flow  over  the  wasteway. 

3.  At  a  place,  a  distance  north  of  Lake  view,  where  the  bank  is 
from  two  to  four  feet  in  height.  Here  the  water  flowed  out  of  the 
reservoir  with  a  depth  of  from  6  to  8  inches  for  a  distance  of  about 
700  feet,  but  due  to  the  high  water  on  the  outside  at  this  place,  the 
velocity  was  so  low  that  no  damage  was  done. 

The  embankments  were  endangered  by  the  action  of  waves  at  a 
point  in  the  N.  E.  34  Sec.  35,  T  6  S,  R  8  E,  and  in  the  N.  E.  J4  Sec. 
1,  T  7  S,  R  8  E.  In  these  cases  the  embankment  was  cut  about  one- 
third  through  and  was  only  saved  by  the  use  of  sacked  gravel,  but 
in  none  of  these  cases  was  any  water  discharged  from  the  reservoir. 

Since  the  flood  the  State  Board  of  Public  Works  has  strength- 
ened the  dam  to  some  extent. 

The  Loramie  Reservoir,  situated  in  McLean  and  Van  Buren 
Townships  in  Shelby  County,  occupies  a  shallow  basin  in  the  orig- 
inal valley  of  Loramie  Creek,  made  into  a  reservoir  by  throwing 
across  the  valley  an  embankment  about  Ij/l  miles  long,  and  from 
a  few  inches  to  20  feet  high.  It  was  built  about  1840  to  act  as  a 
feeder  to  the  summit  level  of  the  Miami  &  Erie  Canal.  It  has  a 
drainage  area  of  81  square  miles,  a  water  surface  area  of  2000 
acres,  a  maximum  depth  of  20  feet,  and  a  capacity  of  16,000  acre 
feet.  A  large  part  of  the  water  area  is  very  shallow,  the  stumps  of 
the  original  forest  showing  above  the  water  at  ordinary  stages. 
There  are  also  many  acres  of  reeds  and  bulrushes.  A  two  days'  visit 
was  made  to  the  reservoir  on  July  17  and  18,  1913,  when  careful  ex- 
amination was  made  of  the  embankments,  waste  gates,  and  waste 
weir,  and  eyewitnesses  of  the  high  water  of  March,  1913,  were  con- 
sulted in  regard  to  conditions  at  that  time.  A  second  and  more 
detailed  examination  was  made  in  November  of  the  same  vear. 

The  heavy  rainfall  of  March  raised  the  level  of  the  water  in  the 
reservoir  to  a  height  of  about  four  feet  above  the  crest  of  the  waste 
weir,  or  practically  to  the  top  of  the  low  bank  between  the  Anna 
turnpike  and  the  waste  weir.  A  few  small  openings  were  made  in 
this  part  of  the  embankment,  but  about  the  only  washouts  of  ap- 
preciable size  occurred  just  above  and  just  below  the  spillway, 
these  being  about  a  hundred  feet  long  and  about  four  feet  deep. 
The  water  also  flowed  around  the  north  end  of  the  embankment  in 
a  stream  300  feet  wide  and  of  an  average  depth  of  one  foot.  The 
high  embankment  from  the  waste  weir  north  was  not  overflowed, 
although  the  water  reached  practically  to  its  top,  and  the  use  of 
sacked  earth  was  necessary  at  some  points  to  prevent  overflow. 
The  creek  valley  just  below  the  embankment  is  about  two  miles 
wide,  but  farther  down  it  is  less  than  a  quarter  of  a  mile  wide.  This 
narrow  gorge  in  the  valley,  by  preventing  the  water  from  freely 
flowing  downstream,  was  a  factor  in  creating  a  lake  of  about  5000 
acres  just  below  the  reservoir.  The  water  overflowed  first  at  the 
south  end  at  midnight  March  24,  and  reached  its  maximum  depth 
by  eight  o'clock  the  next  morning.  The  two  breaks  in  the  embank- 
ment were  repaired  during  the  flood  with  timber  and  sacked  earth. 
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The  water  level  below  the  embankment  was  about  ten  feet  lower 
than  above  it.  Water  was  discharged  from  the  reservoir  during 
the  flood  in  addition  to  the  above  at  the  waste  weir  situated  where 
the  line  between  Sections  11  and  12  cuts  the  bank  of  the  reservoir. 
This  consists  of  a  weir,  shown  in  figure  37,  240  feet  long,  with  ten 
buttresses  2  feet  wide,  extending  42  inches  above  the  crest,  and 
with  a  6-inch  concrete  slab  on  top,  dividing  the  weir  into  eleven 
(jpenings  20  feet  long  by  42  inches  high.  There  are  two  4  by  5-foot 
gates  operated  from  above  by  a  wheel  and  worm  gear,  situated 
about  10  feet  below  the  weir  crest,  one  in  panel  5  and  one  in  panel 
6  counting  from  the  north  end.    There  was  a  head  of  about  4  feet 


FIG.  37.— DOWNSTRFAM  VIEW  OF  SPILLWAY  OF  LORAMIE 

RESERVOIR. 
The  gates  are  5  feet  wide  by  4  feet  high.     A  political  paper  ill  Dayton  an- 
nounced that  the  flood  was  caused  by  members  of  the  capitalist  class  who 
opened  these  gates  and  turned  the  flood  waters  loose  upon  the  valley. 

on  the  weir  on  Tuesday  morning,  March  25,  1913,  and  the  water  at 
the  weir  was  within  2  inches  of  the  top  of  the  slab,  thus  making  the 
openings  act  as  orifices  rather  than  weirs.  The  waste  gates  are 
kept  open  except  when  the  water  is  below  the  crest  of  the  weir,  be- 
ing open  generally  during  the  winter  and  spring,  and  were  of  course 
open  at  this  time.  There  is  a  single  4  by  5-foot  gate  situated  about 
half  way  between  the  waste  weir  and  the  bulkhead,  the  top  of  the 
opening  being  about  5  feet  below  the  elevation  of  the  crest  of  the 
waste  weir,  operated  in  the  same  manner  as  the  gates  mentioned 
above.  A  3-foot  circular  opening,  which  furnishes  the  supply  of 
water  to  the  Miami  and  Erie  Canal  feeder,  was  open  during  the 
flood.    The  waste  weir  discharges  into  a  channel  cut  in  high  ground. 
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which  parallels  the  embankment  to  within  a  few  hundred  feet  of 
the  bulkhead,  and  then  turns  to  the  west  emptying^  into  Loramie 
Creek. 

It  is  evident  that  the  reservoirs  did  not  increase  the  flood  stages, 
even  in  their  immediate  vicinity  below  the  dams.  Even  if  they 
had  broken  simultaneously  at  the  most  inopportune  time,  the  dif- 
ference in  the  stage  of  water  should  have  been  slight  as  far  up  river 
as  Piqua.  At  Dayton  the  difference  in  stage  would  have  been  too 
small  to  be  observed. 

The  following  extracts  from  a  report  to  Congress  by  a  board  of 
seven  army  engineers,  headed  by  Col.  Lansing  li.  Beach,  and  print- 
ed in  House  Document  No.  1792  of  the  64th  Congress,  pages  122 
and  123,  indicates  the  opinion  of  that  board  on  the  effect  of  these 
two  reservoirs  in  reducing  the  flow  of  the  1913  flood : 

*  *  *  *  On  March  27  the  water  in  the  [Lcwistown].  reservoir  was  at 
an  elevation  2^  feet  above  spillway  elevation.  This  accounts  for  15,000 
acre-feet  of  water.  The  total  water  detained  by  the  reservoir  was  therefore 
at  least  24,000  acrc-fcet.  or  half  of  the  entire  rainfall.  Flood  run-off  meas- 
urements indicate  that  the  maximum  rate  of  run-off  from  the  reservoired 
area  was  not  over  half  that  of  other  nearby  areas  of  similar  size  and  rain- 
fall. When  this  fact  is  coupled  with  the  fact  that  the  maximum  flow  from 
the  reservoir  was  not  reached  until  the  reservoir  had  been  filled  to  2]/2  feet 
on  spillways,  and  that  by  this  time  the  crest  of  the  unrestrained  flood  below 
had  passed,  it  can  be  appreciated  how  great  a  regulating  effect  even  this 
small  reservoir  had. 

*  *  ♦  *  Up  to  6:30  p.  m..  March  25  (about  3>^  hours  after  the  crest 
of  the  upper  Miami  reached  Dayton),  the  rainfall  on  this  area  amounted  to 
about  7.5  inches,  or  32.400  acre-feet.  The  water  detained  [in  the  Loramie 
Reservoir],  therefore,  at  the  time  of  the  crest  in  the  valley  below  the  dam 
was  nearly  one-third  of  the  entire  rainfall  up  to  that  time.  As  in  the  case 
of  the  Lewistown  Reservoir,  it  may  be  said  that  this  reservoir  is  of  consider- 
able value  as  a  flood  regulator  not  only  for  the  town  of  Loramie  but  for  the 
valleys  below. 

THE  EFFECTS  OF  THE  1913  FLOOD 

In  the  building  of  cities,  railroads,  bridges,  and  canals,  and  in 
locating  improvements  near  rivers,  the  usual  high  water  stages  are 
taken  into  account.  It  is  generally  assumed  that  past  floods  are  a 
reliable  criterion  of  what  may  happen  in  the  future.  That  this 
course  of  reasoning  has  limitations  in  a  new  country  with  short 
records  was  tragically  illustrated  in  1913.  Throughout  Ohio  and 
Indiana  improvements  and  developments  so  planned  as  to  be  safe 
in  case  of  ordinary  high  water  were  overwhelmed,  and  nowhere  so 
completely  as- in  the  Miami  Valley. 

The  loss  of  life  is  not  definitely  known.  About  360  bodies  were 
recovered.  Hundreds  of  persons  disappeared,  never  to  be  heard 
from  again,  in  some  cases  the  bodies  probably  being  carried  to  the 
Ohio  River  or  buried  in  the  shifting  sandbars  of  the  Miami.    The 
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long  days  and  nights  of  terror  spent  in  tree  tops  or  on  roofs  in  the 
rain  that  sometimes  froze  into  sleet,  in  many  cases  caused  mental 
collapse.  Thirty-two  persons  were  committed  to  the  Dayton  Hos- 
pital for  the  insane,  their  commitment  papers  expressly  stating  that 
their  mental  disability  was  the  result  of  flood  experiences.  The 
commitments  to  this  institution  from  Montgomery  County  in  1913 
were  more  than  double  the  number  for  1912. 

Many  deaths  resulted  during  the  following  months  as  a  result 
of  the  extreme  exposure,  and  in  other  cases  health  was  permanently 
broken.    At  this  date,  four  years  after  the  flood,  many  people  live 


FIG.  38,— AN  AISLE  IN  THE  DAYTON  PUBLIC  LIBRARY  AFTER 

THE  FLOOD. 

Mud  and  water  destroyed  46,010  volumes  and  damaged  many  more.    The 

losses  sustained  were  conservatively  estimated  at  tSS.oOO. 

in  the  extreme  fear  whenever  a  rise  occurs  in  the  river.  During  a 
recent  moderate  rise  in  the  river  every  available  dray  in  Dayton  was 
in  use  carrying  household  furniture  to  high  ground.  At  such  times 
many  persons  carry  stores  of  food,  water,  and  fuel  to  the  attics,  to  be 
prepared  for  another  inundation. 

No  accurate  estimate  could  be  made  of  the  destruction  of  prop- 
erty. The  following  is  believed  to  be  the  best  data  available  as  to 
loss  of  life: 


c  - 

7  I 
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SUMMARY  OF  FLOOD  LOSSES  IN  ML\M[  VALLEY 

Drowned 

Piqua    49 

Troy   16 

Dayton  and  Harrison  Townships 73 

Qark  County 1 

Franklin 7 

Lemon  Township,   Butler  County 3 

Hamilton 106 


1 


d:) 


Other  Loss  of  Life 

Troy  - 3 

Dayton  and  Harrison  Townships  50 

Hamilton 53 

106 

Drowned    255 

Other  Loss  of  Life  .106 

Total 361 

The  above  is  the  total  of  known  deaths,  as  ascertained  by  the 
bodies  recovered  and  careful  investigation  as  to  the  resultant  deaths. 
There  were  undoubtedly  many  more  who  were  drowned  but  their 
bodies  never  recovered.  For  instance,  the  relief  committee  of  Ham- 
ilton, after  a  careful  investigation,  estimated  that  not  less  than  20O 
were  drowned  there  and  in  the  immediate  vicinity.  In  Dayton, 
h'kewise,  there  was  a  large  number  missing — never  accounted  for. 

Property  Loss 

The  following  estimate  was  made  in  March,  1914.  Quite  a 
number  of  estimated  rates  as  to  losses  by  public  utilities  had  not  yet 
been  received,  so  that  the  following  figures  are  less  than  the  total 
would  be.  These  figures  do  not  include  the  losses  sustained  by 
farms. 

Shelby  County  (includes  Sidney)  $     212,000 

Piqua,  approximately  1,000,000 

Troy,  approximately  600,000 

Miami  County  525,000 

Covington    ....". 50,000 

Pleasant  Hill  and  West  Milton 3,000 

Germantown  and  vicinity  50,000 

Dayton  (exclusive  of  public  utilities,  figures  for  which 

are  not  now  obtainable)  46,504,200 

Montgomery  County  700,000 

Miamisburg  1,225,000 

Franklin  and  Warren  Counties  380,000 

Middletown 1,100,000 

Immediate  vicinity  of  Middletown  111,000 

Hamilton  and  Butler  Counties 9,568,224 

Total,  cities  and  counties 62,028,424 


118  MIAMI  CONSERVANCY  DISTRICT 

To  the  above  should  be  added  : 

Clark  County  and  Springfield 182,500 

Bell  Telephone  Co.  (throughout  the  valley) 130,000 

Home  Telephone  Co.,  Dayton 125,000 

Western  Union  Telegraph  Co.,  Davton 24,650 

Big  Four  Railroad  \ 1,250,000 

Erie  Railroad    25,000 

Cincinnati,     Hamilton     &     Dayton     Railroad,     approxi- 
mately      1,000,000 

Pennsylvania  Railroad  (no  figures  obtainable) 

Electric  traction  lines,  approximately  2,000,000 


Grand  total,  as  estimated  from  figures  now  obtain- 
able   $66,765,574 

Hamilton  real  estate  men  say  that  to  their  figures  may  be  added 
an  average  depreciation  of  2>i  1/3  per  cent  on  $31,838,420  of  taxable 
real  estate  in  the  city,  which  depreciation  will  hold  until  works  are 
provided  to  insure  the  city  against  a  repetition  of  flood  disaster. 
This  would  amount  to  $10,612,806. 

Dayton  real  estate  men  estimate  that  Dayton  real  estate  would 
suffer  a  permanent  depreciation  of  at  least  an  equal  proportion  if 
there  were  another  flood  such  as  that  of  last  March  any  time  within 
the  next  few  years.    This  would  amount  to  about  $30,000,000. 

Many  buildings  were  entirely  destroyed.  In  Hamilton  200  resi- 
dences were  washed  away  and  carried  down  river.  In  Dayton  and 
Hamilton  the  flood  was  accompanied  by  fire  and  many  buildings 
were  burned. 

The  water  of  the  river  during  the  flood  carried  a  heavy  load  of 
silt — a  very  fine,  sticky  clay.  As  the  flood  w^aters  broke  in  windows 
and  doors  and  flowed  through  buildings,  the  current  was  checked 
inside  the  rooms,  and  much  of  this  silt  settled  to  the  floor  or  into 
cracks.  This  process  continued  as  long  as  the  flood  lasted.  As  a  re- 
sult every  crack  and  opening  in  floor,  walls,  or  furniture  was  filled 
with  a  sticky,  slimy  ooze.  On  the  floors  of  houses  it  lay  from  a  few 
inches  to  a  foot  or  more  deep.  Thousands  of  tons  of  this  material 
were  shoveled  out  of  houses.  Wall  paper  and  plastering  were 
ruined,  doors  warped,  and  hardwood  finishing  destroyed.  Furniture 
which  did  not  fall  to  pieces  from  being  water  soaked  was  impreg- 
nated with  mud.  Hundreds  of  pianos  were  hauled  to  the  city  dump 
and  burned.  Vast  quantities  of  furniture  were  destroyed  in  this 
way  or  were  floated  out  of  stores  and  houses,  and  carried  away  in 
the  current. 

Some  of  the  most  peculiar  effects  of  high  velocity  were  seen  in 
the  tearing  up  of  streets.  Large  areas  of  asphalt  were  peeled  off. 
Tiled  floors  inside  store  buildings  were  torn  up  and  carried  away 
in  the  same  manner.  Sewers,  gas  mains,  and  water  pipes  were  filled 
with  mud.  In  some  places  where  the  current  was  swift,  streets 
were  washed  out  many  feet  deep.  Shade  trees  were  uprooted  or 
broken  off.  In  Hamilton  a  street  on  the  west  bank  of  the  river  was 
washed  away  for  several  blocks,  its  location  becoming  part  of  the 
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river  channel,  w-hile  in  the  southern  part  of  the  city  the  river  tore 
away  buildings  and  soil  covering  several  blocks  on  the  east  bank. 
Everywhere  in  the  flooded  areas  gas,  water,  and  light  meters  were 
destroyed  or  damaged.  Telephone  central  stations  were  flooded 
and  the  apparatus  soaked  with  mud.  Conduits  were  ruined,  many 
miles  of  overhead  wires  were  torn  down,  and  poles  were  broken  off. 
Railroad  grades  were  washed  out  and  every  railroad  bridge  on  a 
hundred  miles  of  the  river  was  wholly  or  partially  destroyed,  and 
more  than  half  of  the  highway  bridges  were  likewise  taken  out. 

The  flood  had  most  varying  effects  upon  the  farm  lands  of  the 
valley.  In  some  places  all  of  the  top  soil  was  torn  away  from  large 
areas,  leaving  great  beds  of  gravel  exposed.  In  other  situations 
the  top  soil  w-as  not  disturbed,  but  whole  farms  were  entirely  cov- 
ered with  gravel  carried  out  of  the  river  channel  by  the  current. 
In  a  few  instances  where  the  water  had  but  little  current  there  were 
deposits  of  silt  and  of  the  top  soil  carried  from  other  lands,  with 
the  result  that  such  lands  were  increased  greatly  in  fertility.  In 
some  cases  corn  crops  since  the  flood  have  been  fifty  per  cent 
greater  than  they  were  before.  ]\Iost  of  the  soil  eroded  by  the 
swift  waters  was  carried  down  into  the  Ohio  River,  and  the  total 
effect  of  the  flood  on  farm  lands  was  a  very  great  loss. 

It  is  seldom  that  a  great  disaster  occurs  which  is  entirely  with- 
out its  compensations,  and  the  Miami  Valley  in  some  respects  is 
better  for  its  experience.  An  old  settled  community  tends  to  con- 
serve things  as  they  are.  Life  becomes  crystallized  into  fixed  forms 
and  habits.  Relationships  tend  to  be  confined  to  circumscribed  so- 
cial groups,  and  things  outside  those  groups  are  looked  upon  as  for- 
eign to  their  interests.  Property  rights  become  sacred.  Great 
public  improvements  are  almost  impossible  although  people  have 
abundant  energy  and  resources  to  carry  them  through,  because  pri- 
vate interests  are  so  intrenched  and  selfishness  is  so  respectable, 
that  they  cannot  be  made  to  give  way  for  the  public  good.  Class 
cleavage  becomes  marked,  each  class  through  lack  of  acquaintance, 
having  a  cynical  disbelief  in  the  ability  and  integrity  of  the  others. 
People's  attentions  become  centered  on  the  ways  in  which  their 
interests  are  opposed,  and  great  common  interests,  which  in  reality 
make  up  by  far  the  larger  part  of  life,  are  forgotten. 

A  great  catastrophe,  no  matter  what  its  cause,  more  or  less 
breaks  up  this  crystallization  and  cleavage,  and  tends  to  require 
that  life  shall  reconstruct  itself,  and  in  this  reconstruction,  instead 
of  returning  to  the  old  status,  an  effort  is  made  to  fit  the  new  life 
to  the  needs  of  today,  and  to  bring  about  the  new  organization  in 
accordance  with  new  standards.  To  a  considerable  extent  there  is 
a  renaissance.  When  men  who  had  risked  their  lives  together  dur- 
ing the  crisis  found  at  its  close  that  they  belonged  to  groups  which 
were  enemies,  the  new  respect  and  friendship  lasted,  and  the  old 
enmity  did  not  entirely  return.  Mutual  respect  and  common  in- 
terests overshadowed  particular  differences.  In  raising  the  $2,000,- 
000  flood  prevention  fund  in  Dayton,  capitalist  and  laborer,  Chris- 
tian and  Jew,  saloon  keeper  and  minister  worked  side  by  side.    As 
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they  became  acquainted  with  each  other's  personalities  and  motives, 
there  resulted  a  general  improvement  in  sanity  of  outlook  and  in 
mutual  understanding. 

The  new  city  government  of  Dayton,  representing  a  step  from 
the  intrenched,  conventional  system  to  the  most  orderly,  effective, 
and  progressive  form  of  non-partisan  city  organization,  might  have 
been  adopted  if  there  had  been  no  flood,  but  it  is  doubtful  if  it 
would  have  been  accepted  with  the  same  whole-hearted  sympathy. 
The  people  of  the  valley,  and  of  Dayton  in  particular,  have  come 
to  think  of  civic  interests  as  demanding  a  share  of  every  man's  time 
and  resources.  The  uniting  of  between  twenty  and  thirty  relief  and 
charitable  organizations  into  a  federation  of  charities  and  philan- 
thropy, the  merging  of  several  commercial  bodies  into  the  Greater 
Dayton  Association,  and  the  united  working  out  of  industrial  prob- 
lems by  groups  of  manufacturers,  are  evidences  of  a  new  ability  to 
do  team  work. 

Significant  of  the  desire  to  make  the  new  conditions  better  than 
the  old  was  the  experience  of  some  of  the  furniture  dealers  of  Day- 
ton. In  stocking  up  after  the  flood  some  of  them  confined  their  pur- 
chases largely  to  cheap  furniture,  thinking  that  people  after  their 
great  losses  would  buy  as  cheaply  as  they  could.  They  found  to 
their  surprise  an  unusual  demand  for  furniture  of  high  quality. 
For,  many  people  finding  that  they  must  refurnish  their  homes,  took 
the  opportunity  to  get  away  from  makeshifts,  and  to  furnish  in  ac- 
cordance with  their  tastes. 

The  flood  brought  together  many  people  who  never  would  have 
met  so  long  as  they  remained  within  the  small  limits  of  their  usual 
social  environment.  Conventionalities  were  inopportune  and  ac- 
quaintances were  easily  made.  As  one  result  of  this  condition 
there  were  an  unusual  number  of  marriages  during  the  following 
months.  While  exposure  and  privation  broke  down  the  health  of 
many  people,  there  were  instances  of  a  contrary  effect.  For  in- 
stance, one  woman  who  hzfd  considered  herself  an  almost  helpless 
invalid  for  many  years,  was  thrown  upon  her  own  resources  and 
has  gone  about  her  aflfairs  in  good  health  ever  since. 

It  might  seem  that  the  raising  of  a  subscription  of  $2,150,000 
from  a  community  which  had  just  gone  through  a  terrible  experi- 
ence would  have  dried  up  the  sources  of  contributions  for  a  long 
time  to  come,  but  exactly  the  reverse  seems  to  have  been  true.  Far 
more  money  and  time  has  been  given  for  public  interests  since  the 
flood  than  during  any  similar  period  before.  It  seems  that  the  con- 
tributions of  people  to  the  civic  interests  of  a  community  usually 
are  limited  not  by  their  resources,  but  by  their  interest  and  their 
habits.  The  people  of  the  Miami  Valley  learned  through  the  flood 
to  do  effective  team  work  and  to  share  their  resources  in  furthering 
common  interests.  They  came  to  expect  to  find  themselves  hope- 
fully and  courageously  facing  new  issues  with  confidence  of  suc- 
cess. While  absence  of  friction  between  the  cities  of  the  valley  did 
not  entirely  cease,  yet  the  period  since  the  flood  has  seen  the  de- 
velopment of  a  remarkable  spirit  of  mutual  respect  and  good  will, 
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and  a  desire  to  work  out  common  problems  for  the  valley  as  a 
whole  with  a  unity  of  purpose. 

Favorable  reactions  such  as  these  do  not  necessarily  follow  a 
public  calamity.  Unfortunately,  there  are  instances  of  cities  that 
suffered  greatly  during  the  1913  flood  in  which  no  effective  reaction 
has  taken  place,  but  w^here  the  public  resources  of  time  and  energy 
have  been  consumed  in  impotent  bickering,  and  where  the  com- 
munity not  only  is  no  nearer  real  protection  than  in  1913,  but  where 
united  communitv  action  seems  more  remote  than  ever. 
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PREFATORY  NOTE 

This  volume  is  the  second  of  a  series  of  Technical  Reports  issued 
in  connection  with  the  planning  and  execution  of  the  notable  system 
of  flood  protection  works  now  being  built  in  the  Miami  Valley. 

The  Miami  Valley,  which  forms  a  part  of  the  large  interior 
plain  of  the  central  United  States  and  comprises  about  4,000  square 
miles  of  gently  rolling  topography  in  southwestern  Ohio,  is  one  of 
the  leading  industrial  centers  of  the  country.  From  the  great  flood 
of  March,  1913,  which  destroyed  in  this  valley  alone  over  360  lives 
and  probably  more  than  100  million  dollars'  worth  of  property, 
there  resulted  an  energetic  movement  to  prevent  a  recurrence  of 
such  a  disaster.  This  movement  developed  gradually  into  a  great 
cooperative  enterprise  for  the  protection  of  the  entire  valley  by  one 
comprehensive  project.  The  Miami  Conservancy  District,  estab- 
lished in  June,  1915,  under  the  newly  enacted  Conservancy  Act  of 
Ohio,  became  the  agency  for  securing  this  protection.  On  account 
of  the  size  and  character  of  the  undertaking,  the  plans  of  the  dis- 
trict have  been  developed  with  more  than  usual  care. 

A  Report  of  the  Chief  Engineer,  submitting  a  plan  for  the  pro- 
tection of  the  district  from  flood  damage,  was  printed  March,  1916, 
in  3  volumes  of  about  200  pages  each.  Volume  I  contains  a  synop- 
sis of  the  data  on  which  the  plan  is  based,  a  description  of  its  de- 
velopment, and  a  statement  of  the  plan  in  detail.  Volume  II  con- 
tains a  legal  description  of  all  lands  aft'ected  by  the  plan.  Volume 
III  contains  the  contract  forms,  specifications,  and  estimates  of 
quantities  and  cost. 

After  various  slight  modifications  the  report  of  the  chief  engi- 
neer was  adopted  by  the  board  of  directors  as  the  Official  Plan  of 
the  district,  and  was  republished  in  May,  1916.  This  plan  for  flood 
protection  contemplates  the  building  of  five  earth  dams  across  the 
valleys  of  the  Miami  River  and  its  tributaries  to  form  retarding 
basins,  and  the  improvement  of  several  miles  of  river  channel  within 
the  half  dozen  largest  cities  of  the  valley.  It  is  estimated  that  the 
dams  will  contain  nearly  9,000,000  cubic  yards  of  earth ;  that  their 
outlet  structures  will  contain  nearly  200,000  cubic  yards  of  con- 
crete; that  the  river  channel  improvements  will  involve  the  exca- 
vation of  nearly  5,000,000  cubic  yards ;  and  that  the  whole  project 
will  cost  about  25,000,000  dollars. 
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In  order  to  plan  the  project  intelligently,  many  thorough  inves- 
tigations and  researches  had  to  be  carried  out,  the  results  of  which 
have  proved  of  great  value  to  the  district  and  will  also,  it  is  believed, 
be  of  widespread  use  to  the  whole  engineering  profession.  To 
make  the  results  of  these  studies  available  to  the  residents  of  the 
state  and  to  the  technical  world  at  large,  it  is  planned  to  publish  a 
series  of  Technical  Reports  containing  all  data  of  permanent  value 
relating  to  the  hist6ry,  investigations,  design,  and  construction  of 
the  flood  prevention  works. 

The  following  reports,  prepared  by  the  engineering  staff  of  the 
district,  have  been  completed : 

Part  I.     The  Miami  V^alley  and  the  1913  flood. 

Part  II.     History  of  the  Miami  flood  control  project. 

Part  III.  Theory  of  the  hydraulic  jump  and  backwater  curves. 
Experimental  investigation  of  the  hydraulic  jump  as 
a  means  of  dissipating  energy. 

Part  IV.     Calculation  of  flow  in  open  channels. 

Part  V.     Storm  rainfall  of  eastern  United  States. 
The  following  are  in  the  course  of  preparation : 

Rainfall  and  runoff  in  the  Miami  Valley. 

Laws  relating  to  flood  prevention  work. 

Flood  prevention  works  in  other  localities. 

Earth  dams. 

Selection  of  general  type  of  improvement  and  design  of  retard- 
ing basin  system. 

Construction  of  protection  system. 

Contracts  and  specifications. 

The  aim  in  writing  this  particular  volume.  Part  II  of  the  Tech- 
nical Reports,  was  to  compile  a  complete  and  accurate  history  of 
the  Miami  flood  control  project  from  its  inception  in  May,  1913,  to 
the  time  when  it  was  ready  for  beginning  construction  in  Septem- 
ber, 1917.  It  has  been  attempted  not  only  to  describe  the  engineer- 
ing features,  but  also  to  outline  the  administrative  and  legal  pro- 
cedure involved  in  the  development  of  the  project.  It  is  believed 
that  this  record  will  have  considerable  interest  and  usefulness  for 
any  one  connected  with  similar  undertakings. 

ARTHUR  E.  MORGAN, 
Dayton,  Ohio,  Chief  Engineer. 

'  March  1,  1918. 
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CHAPTER  I.— ORGANfZATION  FOR  FLOOD 

CONTROL 

In  March,  1913,  unprecedented  floods  occurred  on  all  the  im- 
portant rivers  of  Indiana  and  Ohio.  In  the  Miami  Valley  many 
lives  were  lost  and  all  the  cities  and  towns  suffered  great  damage. 
Out  of  the  chaos  of  flood-wrecked  homes  and  destroyed  porperties 
grew  the  demand  that  such  a  calamity  must  not  be  allowed  again  to 
visit  the  valley.  This  feeling  crystalized  into  definite  action  in 
Piqua,  Troy,  Dayton,  and  Hamilton  in  connection  with  the  organi- 
zation and  work  of  various  relief  committees. 

FLOOD  RELIEF  ORGANIZATION 

Naturally,  the  first  emergency  committees  appointed  in  different 
parts  of  the  valley  were  created  for  immediate  relief  work  rather 
than  for  permanent  protection.  In  Hamilton  the  Citizens'  Relief 
Committee  was  organized  to  raise  a  fund  for  the  immediate  relief 
of  flood  sufferers.  The  administration  of  this  fund  was  later  given 
over  to  the  Red  Cross. 

In  Dayton,  March  27,  before  the  flood  waters  had  left  the  city, 
Governor  Cox  appointed  the  Dayton  Citizens'  Relief  Committee  of 
the  following  five  members: 

John  H.  Patterson,  President  of  the  National  Cash  Register 
Company,  Chairman. 

John  R.  Flotron,  President  of  the  John  Rouzer  Company. 

Edward  Philips,  Mayor  of  the  City  of  Dayton. 

Adam  Schantz,  President  of  the  Dayton  Breweries  Company. 

Frank  T.  Huffman,  President  of  the  Davis  Sewing  Machine 
Company. 

It  is  difficult  to  conceive  the  extent  of  this  committee's  worl:,  so 
complex  and  comprehensive  did  it  become.  The  first  and  most  im- 
portant matter  confronting  the  committee  was  that  of  getting  suffi- 
cient food  into  the  city  to  take  care  of  the  destitute,  and  to  establish 
the  necessary  stations  for  its  distribution.  A  competent  commis- 
sary organization  was  maintained  in  all  parts  of  the  city  for  about 
two  months,  practically  the  entire  population  of  Dayton  being  fed 
for  several  days  through  this  department,  and  large  numbers  for 
more  than  a  month.  Major  T.  L.  Rhoads,  Special  Aid-de-camp  of 
the  President  of  the  United  States,  arrived  in  Dayton  within  a  few 
days  after  the  flood  to  become  the  head  of  the  Sanitation  Depart- 
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ment,  and  succeeded  in  preventing  wide-spread  epidemics  through- 
out the  city.  H.  E.  Talbott,  the  committee's  chief  engineer,  di- 
rected the  great  task  of  cleaning  up  the  streets,  see  figures  2  and  3. 

Dr.  Edward  T.  Devine,  special  representative  of  the  American 
Red  Cross,  had  charge  of  the  relief  work  in  Dayton;  he  and  his  as- 
sistants did  an  excellent  service  in  behalf  of  those  left  destitute  by 
the  ravages  of  the  flood.  Any  who  were  in  need  of  assistance  were 
permitted  to  register,  and  a  corps  of  assistants  was  kept  busy  in- 
vestigating these  cases.  A  great  many  business  men  were  assisted 
by  being  given  a  small  amount  of  money  with  which  to  re-open 
their  places  of  business.  The  Dayton  Bicycle  Club  took  charge  of 
removing  the  dfad  animals  from  the  streets  of  the  city,  and  through 


their  untiring  efforts  more  than  a  thousand  dead  horses  were  re- 
moved and  the  spread  of  disease  prevented  in  a  large  measure. 
The  Citizens'  Relief  Committee  directly  supervised  all  of  the  activ- 
ities mentioned  above;  the  raising  and  distribution  of  funds  for  re- 
lief purposes;  and  the  receiving  and  distribution  of  all  clothing  and 
supplies  sent  into  the  city.  Conferences  were  also  held  from  time 
to  time  with  the  different  banking  institutions  and  building  and 
loan  associations  in  regard  to  the  financial  situation.  Troy,  Piqua, 
and  other  cities  in  the  valley  had  similar  relief  committees.    These 
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were  also  largely  for  purposes  of  immediate  relief  and  rehabilitation, 
and  affected  the  general  organization  for  flood  control  only  in  so 
far  as  they  emphasized  its  need  and  gave  it  their  moral  support  and 
cooperation. 

AGITATION  FOR  PERMANENT  FLOOD  PROTECTION 

As  the  work  of  rehabilitation  neared  completion  there  developed 
in  the  various  parts  of  the  valley  an  agitation  for  permanent  flood 
protection.  The  situation  at  Troy  is  indicated  by  the  following 
letters : 

Troy,  Ohio,  April  12,  1913. 
Mr.  John  H.  Patterson, 

Dayton,  Ohio. 
Dear  Sir: 

Our  citizens  are  very  much  worked  up  over  the  flood  conditions  and  the 
liability  for  further  serious  trouble  and  at  a  meeting  last  night,  in  which 
steps  were  taken  to  immediately  overcome  the  local  difficulties  so  far  as 
possible,  it  was  decided  to  appoint  a  committee  to  meet  with  the  citizens  or 
committee  of  Dayton  and  other  towns  in  the  Miami  Valley,  looking  to  more 
permanent  relief. 

It  is  our  desire  and  our  expectation  because  of  the  leadership  you  have 
given  not  only  in  relief  but  looking  to  more  active  steps  for  betterment  of 
future  conditions,  that  the  whole  work  will  naturally  head  into  your  hands, 
and  we,  therefore,  trust  that  you  will  approve  the  action  we  have  taken. 

Due  notice  of  this  committee  and  its  appointment  has  been  sent  to  the 
mayors  of  the  several  cities.  We  enclose  a  copy  of  the  notice  that  has  been 
sent  out  from  which  you  will  see  that  the  suggestion  is  made  that  the  call 
may  be  made  by  the  Dayton  Committee. 

Yours  very  truly, 

H.  M.  Allen, 
A.  G.  Stouder, 
C.  A.  Geiger, 

Committee. 
Troy,  Ohio,  April  12,  1913. 
To  The  Honorable  Mayor, 

Hamilton,  Ohio. 
My  Dear  Sir: 

At  a  meeting  of  the  citizens  of  Troy  last  night  as  chairman  of  the  meet- 
ing I  was  authorized  to  appoint  a  committee  consisting  of  three  of  our  citi- 
zens to  act  in  conjunction  with  committees  or  citizens  in  the  cities  and 
towns  of  the  Miami  Valley  looking  to  the  immediate  and  active  steps  for  the 
prevention  of  future  disastrous  floods. 

The  Troy  Committee  appointed  by  me  consists  of  H.  M.  Allen,  A.  G. 
Stouder,  and  C.  A.  Geiger.  This  committee  will  be  ready  to  cooperate  with 
any  of  the  cities  and  towns,  and  I  suggest  that  a  call  for  a  general  meeting 
be  left  to  the  committee  that  may  be  appointed  at  Dayton,  Ohio. 

Respectfully, 

John  McLain, 
Mayor,  City  of  Troy. 
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On  April  18,  1913,  the  Ohio  Legislature  passed  an  emergency 
act  which  authorized  the  mayor  of  any  city  to  appoint  an  emergency 
commission  of  not  more  than  four  members,  for  the  purpose  of  ex- 
pediting repair  and  reconstruction  work  necessitated  by  flood  dam- 
age. Under  this  act  the  Mayor  of  Hamilton  appointed  an  emer- 
gency commission  composed  of: 

S.  M.  Goodman,  Hamilton 
Chas.  JMason,  Hamilton 
Ben.  Harwitz,  Middletown 
T.  C,  Simpson,  Middletown 


FIG.  4— DEBRIS  IN  THE  UNION  STATION  AT  DAYTON. 
View  taken  shortly  after  the  flood  ot  March,  1913. 

This  commission,  cooperating  with  the  three  commissioners  of 
Butler  County,  engaged  John  W.  Hill,  a  civil  engineer  of  Cincin- 
nati, to  make  surveys,  plans,  and  estimates  for  flood  control  in  the 
Miami  Valley  through  Butler  County.  Mr,  Hill  reported  under 
date  of  November  13,  1913,  submitting  an  estimate  for  channel  im- 
provement, stating  that  "the  cost  of  any  improvements  of  the  river 
channel  which  will  prevent  destructive  effect  from  future  great 
floods,  even  if  limited  to  the  cities  of  Hamilton  and  Middletown 
only,  is  very  high  in  the  light  of  the  losses  of  property  sustained 
last  March,"  Hamilton  soon  realized  the  hopelessness  of  protect- 
ing itself  except  through  the  cooperation  of  the  valley  above.  The 
Emergency  Commission  secured  the  construction  of  a  temporary 
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pontoon  bridge,  a  suspension  bridge,  a  pile  bridge,  and  other  tem- 
porary relief  works  in  Hamilton,  but  for  the  purpose  of  securing 
permanent  flood  control  the  city  allied  itself  with  the  movement 
being  developed  in  Dayton  for  a  comprehensive  plan. 

On  April  20,  Mr.  Patterson  called  in  Dayton  a  general  meeting 
of  citizens,  at  which  there  were  present  about  140  people.  A  com- 
mittee of  20  was  appointed  to  assist  the  Citizens'  Relief  Committee. 
On  April  21  the  total  membership  of  the  committee  was  increased 
to  30,  and  divided  into  the  following  committees : 

♦Flood  Prevention 

John  Patterson,  Chairman 
Walter  Worman 
Walter  S.  Kidder 
Edward  W.  Hanley 
H.  E.  Talbott 
John  W.  Stoddard 

t  Finance 

Mayor   Edward   Philipps,   Chairman 

E.  J.  Barney 
C.  B.  Clegg 

J.  H.  Winters 
T.  Huffman 
Chas.  McKee 

Public  Improvement 

Adam  Schantz,  Chairman 
Edward  A.  Deeds 

F.  Cappel 
T.  P.  Gaddis 
J.  E.  Sauer 
E.  Canby 

Sanitation 

John  R.  Flotron,  Chairman 

L.  Rauh 

J.  P.  Breen 

H.  G.  Carnell 

Peter  Kuntz 

H.  Burkhardt 

*  Edward  A.  Deeds  later  became  vice-chairman  of  this  committee,  va- 
cancies subsequently  caused  by  the  death  of  Edward  W.  Hanley  and  Walter 
Worman  were  filled  by  Adam  Schantz  and  Frank  T.  Huffman. 
tWilliam  F.  Bippus  later  became  treasurer  of  this  committee. 
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Traffic  and  public  service 

F.  T.  Huffman,  Chairman 
E.  D.  Grimes 
E.  B.  Weston 

E.  L.  Edwards 
J.  M.  Switzer 
A.  J.  Stevens 

Each  committee  was  vested  with  full  power  to  consult  compe- 
tent authorities  in  their  respective  capacities.  A  few  weeks  later 
the  following  members  were  added  to  the  Finance  Committee : 

John  W.  Aull 
A.  M.  Kittredge 
Geo.  L.  Marshall 
T.  A.  Ferneding 
Stanley  M.  Krohn 

F.  J.  McCormick,  Jr. 
E.  E.  Burkhardt 

DAYTON  FLOOD  PREVENTION  COMMITTEE 

As  the  problems  of  immediate  relief  and  rehabilitation  dimin- 
ished in  importance  and  were  gradually  disposed  of,  the  work  of 
the  Flood  Prevention  Committee  assumed  larger  proportions.  The 
dead  and  injured,  the  serious  illnesses,  the  widespread  destruction, 
and  the  general  depreciation  in  real  estate  values  that  was  already 
being  felt,  were  powerful  influences  urging  permanent  protection. 
Public  sentiment  was  aroused  to  the  need  for  preventing  the  re- 
currence of  flood  disaster,  and  the  committee  keenly  felt  its  respon- 
sibility. At  a  joint  meeting  of  the  Flood  Prevention  and  Finance 
Committees  on  May  2,  it  was  the  general  opinion  that  the  Federal 
Government  would  not  take  immediate  action  to  prevent  the  recur- 
rence of  flood  disasters  in  the  Miami  Valley.  It  was  believed  that 
action  would  be  hastened  and  confidence  in  the  city  stimulated 
should  the  citizens  raise  funds  to  commence  immediate  work.  A 
resolution  was  adopted  to  raise  a  flood  prevention  fund. 

On  May  3  the  Flood  Prevention  Committee  passed  a  resolution 
as  follows: 

That  it  is  the  sense  and  best  judgment  of  this  committee  that  there  be 
prompt  and  definite  action  to  determine  the  cause  of  the  inundation  of  the 
city  of  Dayton  on  March  25,  1913,  and  to  apply  the  maximum  of  human 
knowledge  and  scientific  skill  with  the  necessary  measure  of  financial  re- 
sources to  prevent  the  recurrence  of  a  similar  calamity. 
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That  lo  enable  this  committee  to  take  up  the  vast  program  of  surveys, 
plans,  specifications,  condemnation,  contracts,  and  construction  incidental 
to  and  connected  with  the  work  of  protection  of  life  and  property,  lo  allay 
the  fears  and  misgivings  of  the  people,  and  to  reinstate  the  beautiful  city  of 
Dayton  as  an  attractive  location  for  home  life,  happiness,  and  commercial 
prestige  and  success,  there  shall  be  provided  a  Flood  Prevention  Fund  of 
52,000,000. 

That  this  flood  prevention  fund  shall  constitute  a  voluntary  gift  from 
the  people  of  Dayton  as  a  testimonial  of  devotion  and  patriotism  to  which  all 
can  subscribe  with  the  assurance  that  it  will  be  safe-guarded,  disbursed,  and 
accounted  for  as  a  sacred  trust. 


FIG.  5.— BUSINESS  DISTRICT  AT  TROY  DURING  THE  1913  FLOOD. 

That  the  Finance  Committee  heretofore  appointed  by  the  Citizens'  Re- 
lief Committee  be  and  they  hereby  are  requested  10  prepare  a  plan  for 
receiving  collection  of  subscriptioivs  lo  the  fund  with  the  provision  that  not 
less  than  5  per  cent  shall  be  paid  in  cash  on  or  before  July  I,  1913,  and  the 
balance  on  such  terms  and  conditions  as  the  Finance  Committee  may  deem 
best. 

That  this  committee  devote  its  greater  efforts  to  interest  the  officials 
and  lawmakers  of  stale  and  nation  in  this  momentous  problem  to  the  end 
that  the  balance  of  funds  necessary  to  complete  this  undertaking,  through, 
above,  and  below  the  city  of  Dayton,  may  be  appropriated  in  the  regular 
legal  way,  and  available  in  this  serious  work  of  protection  and  flood  pre- 
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The  immediate  results  of  this  action  of  the  Dayton  Flood  Pre- 
vention Comrhittee  were: 

1.  On  May  5  the  Morgan  Engineering  Company  of  Memphis, 
Tennessee,  was  employed  by  the  Flood  Prevention  Committee  to  re- 
port on  plans  for  flood  prevention,  and  Arthur  E.  Morgan,  presi- 
dent of  the  company,  assumed  personal  charge  of  the  investiga- 
tions. 

2.  On  recommendation  of  the  Finance  Committee,  May  25  and 
26  were  designated  as  "Dayton  Days",  and  plans  were  started  for 
the  campaign  for  funds. 

3.  Representatives  of  neighboring  cities  were  invited  to  attend 
a  meeting  on  May  15  to  discuss  the  possibilities  of  cooperating  for 
flood  prevention  in  the  Miami  Valley.  This  meeting  resulted  in 
the  organization  of  the  Miami  Valley  Flood  Prevention  Association. 

MIAMI  VALLEY  FLOOD  PREVENTION  ASSOCIATION 

The  meeting  was  held  at  the  Dayton  City  Club,  at  which  there 
were  present  representative  citizens  of  Miami,  Clark,  Darke,  Shel- 
by, Logan,  Warren,  Butler,  Greene,  Montgomery,  and  Preble  Coun- 
ties. Edward  A.  Deeds  presided  at  the  meeting  and  stated  as  its 
purpose  the  furtherance  of  flood  prevention  measures  by  the  co- 
operation of  cities  and  counties  in  the  Miami  Valley.  It  was  re- 
solved : 

That  a  committee  consisting  of  five  delegates  from  each  county,  to  be 
selected  by  the  flood  relief  committees  in  such  counties,  meet  in  at  least  ten 
days  from  this  date,  to  form  a  permanent  organization,  to  be  present  at  an 
early  meeting  to  be  held  in  the  city  of  Dayton  at  the  call  of  the  chairman  of 
this  meeting. 

The  association  was  formally  organized  on  May  27  when  John 
H.  Patterson  was  chosen  president,  H.  M.  Allen  of  Troy,  vice-presi- 
dent, and  L.  D.  Upson,  secretary.  At  a  later  meeting  it  was  an- 
nounced that  the  objects  of  this  association  shall  be : 

To  secure  through  private  or  public  aid  a  complete  and  coordinated 
survey  of  flood  conditions  within  the  Miami  Valley  with  a  view  of  pre- 
venting a  recurrence  of  serious  flood  losses. 

To  formulate  a  single  or  several  cooperative  plans  for  the  protection  of 
the  cities  and  lands  in  the  Miami  Valley  from  further  flood  destruction. 

To  secure  the  adoption  of  such  coordinated  plan  or  plans  by  the  several 
county  and  city  authorities  upon  whom  the  execution  of  flood  prevention 
measures  will  devolve. 

To  secure  delay  in  the  execution  of  proposed  flood  prevention  contracts 
until  cooperative  plans  can  be  adopted. 

To  endeavor  to  secure  from  the  National  Government  such  services  of 
the  army  engineers,  drainage  bureau,  geological  survey,  or  other  branches 
as  will  expedite  and  facilitate  the  preparation  of  cooperative  flood  protec- 
tion plans. 
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To  urge  by  all  legitimate  and  expedient  means  the  aidof  the  National 
Government  and  the  State  of  Ohio  in  materializing  such  flood  protection 
plans  as  may  be  prepared. 

To  urge  some  control  either  national  or  state  of  all  streams  navigable 
or  unnavigable  in  order  thai  plans  For  bridges  and  obstructions  of  all  kinds 
shall  be  passed  upon  by  a  central  authority. 

To  secure  the  cooperation  of  the  railroads  and  other  public  utilities 
concerned,  in  preparing  and  carrying  out  flood  protection  measures,  or 
other  improvements  contingent  upoli  [he  alteration  of  roadbeds  and  bridges 
for  flood  protection  purposes. 

To  maintain  continued  publicity  for  informing  the  citizens  concerned 
of  such  steps  as  are  being  taken  to  further  their  protection,  and  the  nation 
at  large  of  the  progress  of  the  Miami  Valley. 

To  secure  funds  for  office  and  other  expenses  of  the  a 


FIG.  0.— THE  ROS5VILLE  BRIDGE  AT  PIQUA,  MARCH  26.  1913. 

Letters  were  sent  to  officials  of  the  cities  and  counties,  asking 
that  all  contracts  involving  flood  protection  work  be  delayed  until 
cooperative  action  could  be  taken  by  the  Flood  Prevention  Associa- 
tion. The  results  accomplished  by  this  association  were  naturally 
of  a  very  general  character  and  its  operations  did  not  continue  be- 
yond its  several  meetings.  It  voted  that  all  legal  representatives 
of  the  counties  and  cities  in  the  Miami  Valley  in  all  cases  of  flood 
protection  recognize  Mr.  IMorgan  as  consulting  engineer  for  the 
valley  to  the  end  that  the  ultimate  river  improvements  be  a  harmon- 
ious whole.    The  last  meeting  recorded  is  that  of  January  15,  1914. 
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This  meeting  was  held  largely  for  the  purpose  of  explaining  the 
proposed  Conservancy  Act  of  C^hio  and  enlisting  the  cooperation  of 
those  present  to  secure  its  passage.  Among  the  speakers  were  Ed- 
ward A.  Deeds,  O.  B.  Brown,  John  A.  McMahon,  Arthur  E.  Mor- 
gan, Joseph  Wing,  John  L  Miller,  Honorable  Warren  Gard,  George 
M.  Verity,  and  Edward  W.  Hanley. 

FLOOD  PREVENTION  FUND 

Upon  receiving  instructions  to  secure  funds  with  which  to  carry 
on  the  work,  the  Finance  Committee  immediately  instituted  a  sub- 
scription campaign.  Though  the  working  time  was  very  short,  the 
campaign  was  planned  and  organized  with  the  utmost  care.  A  copy 
of  the  subscription  blanks  used  is  shown  in  figure  7,  while  a  typical 
scene  during  the  campaign  is  shown  in  figure  8. 


FOR  THE  LOVE  OF  DAYTON 

AND 

AS  A  TESTIMONIAL  OF  MY  DEVOTION  AND  PATRIOTISM. 

IN  CONSIDERATION  OF  THE  SUBSCRIPTION  OF  OTHERS  MADE  FOR  THE  SAME  PURPOSE.  I  HEREBY 


SUBSCRIBE  THE  SUM  OF. 


DOLLARS,  ($_ 


_.- ) 

PAYABLE  TO  THE  TREASURER  OP  THE  FINANCE  COMMITTEE  OF  THE  CITIZENS'  RELIEF  COMMITTEE  OF 
<DAYTON.  OmO.  PAYABIX  AS  POLLOWSi 

S<  M  Mr  1. 19I3:  S%  M  Octobw  1. 1»13|  15%  «•  April  1.  t914|  1S«  on  Oelebcr  1. 1914. 

lS%onA9rill.  19ia(  lS«oaOclobOT  1.1915:  15«  on  April  1.  191«( 

IBJt  oa  Ocfbaf  1,  1916,  witkeul  inlarwat. 

SAD  MONEY  IS  TO  BE  USED  FOR  THS  PURPOSE  OF  CARRYING  OUT  MEASURES  FOR  THE  PREVENTION 

OP  FLOOD  m  THE  CITY  OF  DAYTON.  OHIO. 

^^^  DAYTON.  OHIO. 1913. 


Sisa«d_ 
AMnn 


FIG.  7.— SUBSCRIPTION  CARD  FOR  FLOOD  PREVENTION  FUND. 


On  the  25th  of  May,  after  a  monumental  campaign  of  about  ten 
days,  the  Finance  Committee  announced  that  subscriptions  amount- 
ing to  more  than  $2,000,000  had  been  received  from  a  total  of  about 
23,000  subscribers.  Such  results  in  a  flood-wrecked  city,  where  the 
burden  of  immediate  relief  to  the  homeless  and  destitute  and  the 
work  of  rehabilitation  of  the  city  were  already  taxing  its  resources, 
are  a  splendid  tribute  to  the  public  spirit  and  earnestness  of  these 
men.  In  June  the  committee  published  a  complete  list  of  the  sub- 
scribers to  the  flood  prevention  fund. 
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Great  credit  is  due  to  the  Finance  Committee.  This  committee, 
under  the  Dayton  Citizens'  Relief  Commission,  remained  in  charge 
of  the  flood  prevention  fund,  from  which  it  has  financed  all  work 
on  plans  for  flood  control,  including  the  preliminary  surveys  and  in- 
vestigations of  the  Morgan  Engineering  Company;  the  employment 
of  consulting  engineers  and  legal  assistance;  the  drafting  of  the 
Conservancy  Act  of  Ohio,  with  all  the  subsequent  expense  of  liti- 
gation, court  proceedings,  and  defense  of  the  law ;  the  organization 
of  the  present  Miami  Conservancy  District;  and  completion  of  sur- 
veys, plans,  estimates,  and  appraisal  work,  under  the  administration 
of  the  district. 

In  the  spring  of  1918,  after  construction  work  had  been  begun 
by  The  Miami  Conservancy  District,  the  greater  part  of  this  fund 
was  repaid  to  the  subscribers.  A  small  amount  was  retained  as  a 
safety  reserve,  as  explained  in  the  statement  made  by  the  Dayton 
Citizens*  Relief  Commission  at  that  time,  a  portion  of  which  fol- 
lows : 

Dayton,  Ohio,  April  1st,  1918. 
TO  SUBSCRIBERS  TO  THE  FLOOD  PREVENTION  FUND: 

Enclosed  is  a  check  to  your  order  for  amount  of  first  refundment  or- 
dered paid  contributors. 

When  this  fund  was  subscribed  in  1913  it  was  not  known  that  any  por- 
tion would  be  returned,  as  it  was  considered  that  the  whole  fund  might  be 
used  for  flood  prevention  works  in  Dayton;  however,  upon  a  scientific  sur- 
vey and  study  by  eminent  engineers  it  was  found  necessary  to  provide  pro- 
tection for  the  entire  flood  zone  in  the  valley  including  Dayton,  as  the  only 
proper  method  to  afford  permanent  proper  relief. 

A  large  part  of  the  fund  was  expended  in  engineering  work  and  part 
of  it  for  publicity  of  the  engineering  data  and  plan  leading  up  to  necessary 
legislation. 

The  wisdom  of  this  policy  is  now  evident,  since  under  the  Conservancy 
Act  of  Ohio  a  large  portion  of  the  expenditures  covering  the  engineering 
data  and  settlement  of  proper  claims  has  been  repaid  by  The  Miami  Con- 
servancy District,  which  sum,  together  with  accruing  interest  on  balances 
during  the  entire  period,  has  made  the  final  net  expense  approximately 
seven  per  cent  of  the  net  subscriptions. 

This  net  expense,  not  being  recoverable  from  the  district,  must  be 
borne  by  fund,  and  should  be  borne  by  subscribers  in  proportion  to  the 
amount  of  their  subscriptions  called,  rather  than  the  amount  of  cash  pay- 
ments. 

It  has  been  decided,  therefore,  that  each  subscriber  should  bear  his 
share  of  the  expense  in  exact  proportion  to  the  amount  of  his  subscription. 
This  amount  must,  of  course,  be  deducted  from  the  actual  payment,  leaving 
a  net  amount  due  him. 
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The  Committee  retains  a  portion  of  the  fund,  amounting  to  approxi- 
mately $135,000,  as  a  safety  reserve  until  The  Miami  Conservancy  District 
has  made  the  valley  safe  from  flood.  This  fund  will  be  placed  at  interest 
among  competing  banks  and  then  finally  distributed. 

THE  DAYTON  CITIZENS'  RELIEF  COMMISSION 

In  order  that  this  two  million  dollar  fund  might  be  properly  ad- 
ministered and  the  work  for  which  it  was  intended  successfully 
consumated,  Mr.  Patterson  called  a  meeting  of  the  Dayton  Citizens' 
Relief  Committee  June  14,  1913,  at  the  Dayton  City  Club  to  con- 
sider the  incorporation  of  the  committee  into  The  Dayton  Citizens' 
Relief  Commission.  Judge  O.  B.  Brown  having  been  requested  to 
devise  a  plan  of  incorporation  was  present  and  made  his  report.  In 
accordance  with  his  suggestion  a  committee,  consisting  of  Edward 
W.  Hanley,  Walter  S.  Kidder,  John  W.  Stoddard,  and  William  F. 
Bippus,  was  appointed  by  the  chairman  to  cooperate  with  Judge 
Brown  in  working  out  the  details,  and  to  consult  with  Honorable 
John  A.  McMahon.  On  June  25,  1913,  The  Dayton  Citizens'  Relief 
Commission  was  formally  incorporated  as  successor  to  the  various 
committees  which  were  organized  on  April  21.  The  purposes  of 
this  corporation  are  set  forth  in  the  following  articles  of  incorpor- 
ation and  regulations: 

These  Articles  of  Incorporation 

Of 

The  Dayton  Citizens'  Relief  Commission 

WITNESSETH,  That  we,  the  undersigned,  all  of  whom  are  citizens  of  the 
State  of  Ohio,  desiring  to  form  a  corporation,  not  for  profit,  under  the  gen- 
eral corporation  laws  of  said  Slate,  do  hereby  certify: 

FIRST:  The  name  of  said  corporation  shall  be  THE  DAYTON 
CITIZENS'  RELIEF  COMMISSION. 

SECOND:  Said  corporation  is  to  be  located  at  Dayton,  in  Mont- 
gomery County,  Ohio,  and  its  principal  business  there  transacted. 

THIRD:     Said  corporation  is  formed: 

(1)  For  the  purpose  of  becoming  the  legal  successor  of  the  Dayton 
Citizens'  Relief  Committee,  of  which  John  H.  Patterson  is  chairman,  Wil- 
liam F.  Bippus,  treasurer,  L.  D.  Upson,  secretary,  and  of  which  the  other 
members  are  Frank  T.  Huffman,  John  R.  Flotron,  Edward  Fhilipps,  and 
Adam  Schantz;  and  the  legal  successor  of  the  Flood  Prevention  Committee, 
of  said  committee,  consisting  of  John  H.  Patterson,  chairman,  Edward  A. 
Deeds,  Walter  Worman,  Edward  W.  Hanley,  Walter  S.  Kidder,  John  W. 
Stoddard  and  H.  E.  Talbott;  and  the  legal  successor  of  the  Finance  Com- 
mittee of  said  committee,  of  which  Edward  Philipps  is  chairman,  William 
F.  Bippus  is  treasurer,  and  of  which  the  other  members  are  Torrence  Huff- 
man, Edward  E.  Burkhart,  John  H.  Winters,  Thomas  A.  Ferneding,  Eugene 
J.  Barney,  Charles  J.  McKee,  George  L.  Marshall,  A.  M.  Kittredge,  Stanley 
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Krohn,  John  W.  Aull,  Charles  B.  Clcgg,  and  F.  J.  McCormick,  Jr.;  and  the 
legal  successor  of  the  Executive  Committee,  of  the  Public  Improvement 
Committee,  of  the  Sanitation  Committee,  of  the  Traffic  Committee,  and  of 
all  other  committees  appointed  by  the  said  Dayton  Citizens'  Relief  Com- 
mittee or  its  officers;  and  to  receive  and  hold  the  minutes,  papers,  books,  and 
assets  from  said  committees,  or  any  other  committees,  acting  under  said 
Dayton  Citizens*  Relief  Committee,  and  to  carry  out  the  purposes  and  ob- 
jects of  said  committees;  and  the  regulations  of  said  corporation  shall  pro- 
vide that  there  shall  be  a  permanent  Flood  Prevention  Committee,  which 
shall  consist  in  the  first  instance  of  the  same  persons  above  named  who  are 
now  members  of  said  committee,  and  shall  also  provide  for  a  permanent 
Finance  Committee,  which  in  the  first  instance  shall  consist  of  the  same 
members  as  are  named  in  the  above  Finance  Committee. 

(2)  For  the  purpose  of  raising,  collecting,  and  administering  a  fund, 
called  the  Two  Million  Dollar  Fund,  for  the  prevention  of  floods  in  the  city 
of  Dayton,  Ohio,  and  to  become  the  legal  successor  of  the  Finance  Com- 
mittee of  the  Citizens'  Relief  Committee,  of  which  William  F.  Bippus  is  the 
treasurer,  and  to  take  over,  receipt  for,  and  administer  the  fund  called  the 
Two  Million  Dollar  Fund,  which  has  now  been  collected  or  subscribed  in 
excess  of  that  amount,  or  may  hereafter  be  collected  or  subscribed,  payable 
to  said  treasurer,  for  the  purpose  of  carrying  out  measures  for  the  preven- 
tion of  floods  in  the  city  of  Dayton,  Ohio. 

IN  WITNESS  WHEREOF,  We  have  hereunto  set  our  hands  this  23rd 
day  of  June,  A.  D.,  1913. 

Adam  Schantz  E.  A.  Deeds 

Wm.  F.  Bippus  Edward  W.  Hanley 

John  W.  Stoddard  H.  E.  Talbott 

John  W.  Aull  S.  M.  Krohn 

Charles  B.  Clegg  John  A.  McGee 

H.  G.  Carnell  John  P.  Breen 

John  R.  Flotron  E.  J.  Barney 

Edw.  E.  Burkhart  E.  L.  Philipps 

Frank  J.  McCormick,  Jr.  A.  M.  Kittredge 

Thomas  A.  Ferneding  Walter  Worman 

Charles  J.  McKee  J.  Edward  Sauer 

Frank  T.  HuflFman  Frederick  Cappel 

Geo.  L.  Marshall  Thomas  P.  Gaddis 

J.  M.  Switzer  L.  D.  Upson 

Torrence  Huffman  C.  W.  King 

A.  L.  Light  E.  Canby 

A.  J.  Stevens  E.  L.  Edwards 
E.  B.  Weston 

Regulations 

ARTICLE  I.    Annual  and  Special  Meetings  of  the  Corporation. 

The  annual  meetings  of  this  corporation  shall  be  held  at  10:00  o'clock, 
a.  m.  on  the  first  Monday  in  January  of  each  year,  the  place  of  meeting  to 
be  designated  by  the  president.  And  the  trustees  shall  be  elected  by  ballot 
at  this  Annual  Meeting  or  at  a  special  meeting  called  for  that  purpose  in 
case  no  such  annual  meeting  is  held. 
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Special  meetings  of  this  corporation  may  be  called  by  order  of  the 
trustees,  or  a  majority  thereof,  at  any  time  and  by  notice  thereof  signed  by 
not  less  than  ten  members  and  mailed  to  each  member  at  his  last  known 
address  and  by  publication  in  two  daily  newspapers  of  the  city  of  Dayton, 
not  more  than  ten  days  nor  less  than  five  days  prior  to  such  called  meeting. 

ARTICLE  II.     Quorum. 

It  shall  require  fifteen  members  to  constitute  a  quorum  at  the  annual  or 
special  meetings  of  the  corporation. 

ARTICLE  III.     Trustees  and  Officers. 

The  number  of  trustees  shall  be  thirty-nine,  who  shall  have  full  power 
to  conduct  the  affairs  of  said  corporation  in  accordance  with  the  purposes 
as  set  forth  in  the  Articles  of  Incorporation,  and  to  fill  any  vacancies  occur- 
ring in  said  board  from  among  the  associate  members  as  described  in 
Article  V;  and  shall  elect  by  ballot  a  president,  four  vice-presidents,  a  secre- 
tary and  such  assistant  or  assistants  as  may  be  required,  and  a  treasurer  and 
such  assistant  or  assistants  as  may  be  required.  The  board  and  these 
officers  shall  serve  for  one  year  and  until  their  successors  are  elected  and 
qualified. 

ARTICLE  IV.     Membership. 

Any  person  subscriCing  or  contributing  any  sum  of  money  to  the  ob- 
jects and  purposes  of  this  corporation  and  who  has  served  upon  the  Dayton 
Citizens*  Relief  Committee  for  the  Flood  of  1913,  of  which  John  H.  Patter- 
son was  the  Chairman,  or  was  a  member  of  the  Executive  Commitee,  or  of 
the  Flood  Prevention  Committee,  or  of  the  Finance  Committee  thereof,  the 
Sanitation  Commitee,  or  the  Traffic  Committee,  or  the  Public  Improvement 
Committee;  or  any  associate  member  elected  to  the  Board  of  Trustees, 
shall  become  a  member  of  this  corporation  by  signing  his  name  and  agree- 
ing to  the  articles  of  incorporation  and  these  regulations. 

ARTICI^E  V.     Associate  Members. 

Any  person  contributing  any  sum  of  money  to  the  objects  and  purpose 
of  this  corporation  shall  become  an  associate  member.  Associate  members 
shall  have  the  authority  to  meet;  and  advise  with  and  suggest  to  the  officers 
and  trustees  of  the  corporation  any  matters  consistent  with  the  purposes  foe 
which  it  is  formed.  Vacancies  in  the  board  of  trustees  shall  be  filled  from 
the  associate  membership. 

ARTICLE  VI.     Salaries. 

The  trustees  and  officers  of  this  corporation  shall  serve  without  com- 
pensation. 

ARTICLE  VII.     Committees. 

There  shall  be  two  permanent  committees: 

(1)  The  Flood  Prevention  Committee,  which  in  the  first  instance  shall 
consist  of 

John  H.  Patterson,  Chairman 

Edward  A.  Deeds 

Walter  Worman 

Edward  W.  Hanley 

Walter  S.  Kidder  ' 

John  W.  Stoddard 

H,  E.  Talbott 
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which  committee  shall  have  power  and  authority  to  make  contracts  with,  or 
employ  engineers,  or  engineering  companies;  to  cooperate  with  any  United 
States,  state,  county,  or  municipal  authorities,  and  to  solicit  assistance  from 
such  authorities;  to  cooperate  with  any  railroad  company,  person,  corpora- 
tion, Of  body,  along  the  lines  of  flood  prevention  for  the  city  of  Dayton, 
with  authority  to  propose  and  approve  any  plans  to  that  end,  and  to  author- 
ize expenditures  therefor. 

(2)  The   Finance   Committee,   which   in   the   first   instance   shall  con- 
sist of: 

Edward  Philipps,  Chairman  Charles  J.  McKee 

William  F.  Bippus,  Treasurer  George  L.  Marshall 

Torrence  Huffman  A.  M.  Kittredge 

Edward  E.  Burkhart  Stanley  Krohn 

♦John  H.  Winters  John  W.  Aull 

Thomas  A.  Ferneding  Charles  B.  Clegg 

Euguene  J.  Barney  F.  J.  McCormick,  Jr. 

which  committee  shall  have  power  and  authority  to  audit  all  expenditures 
authorized  by  the  Flood  Prevention  Committee,  or  of  this  corporate  body; 
to  raise  funds  and  solicit  subscriptions  for  the  purposes  of  this  corporation; 
and  to  cooperate  with  the  Flood  Prevention  Commitee  in  seeking  further 
aid  from  the  United  States,  state,  county,  and  municipal  authorities. 

(3)  And  such  other  committees  as  the  board  of  trustees  may  determine. 

ARTICLE  VIII.     Expenditures. 

No  money  shall  be  expended  except  by  the  authority  of  the  Flood  Pre- 
vention Committee  and  audited  by  the  Finance  Committee.  All  checks 
shall  be  signed  by  the  treasurer,  or  his  assistant,  and  countersigned  by  the 
president,  or  one  of  the  vice-presidents,  and  by  the  secretary  or  his  as- 
sistant. 

ARTICLE  IX.     Proxies. 

No  proxies  shall  be  allowed,  cither  at  the  meetings  of  the  corporation 
or  at  the  meetings  of  the  trustees. 

ARTICLE  X.    Amendments. 

These  regulations  may  be  amended,  modified,  or  changed  by  the  vote  of 
a  majority  of  the  members  at  any  annual  meeting  and  upon  roll-call,  or  at 
any  special  meeting  called  for  that  purpose,  or  by  assent  in  writing  of  two- 
thirds  of  the  members. 

MORGAN  ENGINEERING  COMPANY 

At  the  request  of  the  Flood  Prevention  Committee,  Arthur  E. 
Morgan,  President  of  the  Morgan  Engineering  Company,  came  to 
Dayton  on  May  5  to  personally  take  charge  of  the  investigations. 
The  committee  asked  him  to  look  over  the  entire  situation,  includ- 
ing all  the  valley  north  of  Butler  County.  This  county  had  already 
engaged  an  engineer  to  study  its  problem.  The  instructions  to  Mr. 
Morgan  were,  in  brief :  "the  valley  has  suffered  a  calamity  that  must 

♦Mr.  Winters  asked  to  be  reheved  and  his  place  was  taken  by  Judge  O. 
B.  Brown. 
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not  be  allowed  to  occur  again.  Find  a  way  out."  It  was  felt  that 
the  railroad  and  city  bridges  were  chief  causes  of  the  disaster.  There 
existed  a  tremendous  determination  to  prevent  floods,  and  a  convic- 
tion that  "dirt  must  be  flying  by  fall."  There  was  also  a  desire  to 
divert  as  much  as  possible  of  the  expense  to  the  Federal  Govern- 
ment. 

Edward  A.  Deeds,  vice-chairman  of  the  Flood  Prevention  Com- 
mittee, in  reviewing  the  situation  created  by  the  flood,  before  the 
conservancy  court  in  October,  1916,  said  of  the  committee : 

That  committee  was  appointed  to  make  a  study  of  the  flood  situation 
and  take  whatever  steps  were  necessary  to  prevent  a  recurrence  of  the  dis- 
aster. I  don't  think  any  one  on  the  committee  at  that  time  had  any  appre- 
ciation of  what  was  asked  of  it.  We  thought  that  we  probably  could  get 
some  local  protection.  In  fact,  we  thought  out  some  system  of  local  pro- 
tection in  our  small  way  at  our  first  meeting.  But  we  made  a  trip  south,  to 
Miamisburg  and  to  the  other  cities.  We  went  north,  and  we  commenced  to 
get  a  view  of  this  thing  in  a  bigger  way;  that  there  was  a  thing  that  affected 
the  whole  valley,  and  we  saw  immediately  that  we  were  not  competent  to 
handle  that  situation  ourselves.  We  had  had  enough  business  experience  in 
large  matters  to  know  that  we  should  get  assistance,  and  we  immediately 
started  out  to  locate  some  one  who  had  had  experience  in  the  control  of 
floods.    Inquiry  led  us  to  the  Morgan  Engineering  Company  of  Memphis. 

At  the  first  meeting  Mr.  Morgan  indicated  that  the  effect  of  lo- 
cal obstructions  had  probably  been  overestimated,  and  that  the 
problem  would  not  be  so  easily  disposed  of  as  had  been  supposed ; 
that  no  plan  of  improvement  should  be  adopted  without  a  thor- 
ough analysis  of  the  situation,  that  six  months  probably  would  pass 
before  even  a  provisional  solution  could  be  offered,  and  probably  a 
year  before  definite  plans  would  be  made;  that  federal  aid  might 
prove  a  will-o*-the-wisp  and  that  if  the  people  of  the  valley  wanted 
flood  control  they  should  decide  to  get  it  and  pay  for  it,  for  other- 
wise they  might  repeat  the  history  of  Pittsburgh  and  other  cities 
which  had  waited  many  years  in  vain  for  help.  He  stated  that  the 
first  thing  to  do  was  to  find  out  definitely  just  what  was  needed. 

The  Morgan  Engineering  Company  was  formally  engaged  to 
develop  plans  to  protect  the  entire  valley  north  of  Butler  County. 
Mr.  Morgan  was  to  devote  a  definite  part  of  his  time  to  this  work, 
with  L.  L.  Hidinger,  vice-president  of  the  company,  available  for 
consultation  and  assistance  in  supervision.  The  company  immedi- 
ately opened  an  office  in  the  City  National  Bank  Building  in  Day- 
ton. Field  work  was  begun  within  two  days  after  Mr.  Morgan's 
arrival ;  and  in  two  weeks  about  50  engineers,  recruited  largely 
from  flood  prevention  projects  in  the  southern  states,  were  at  work 
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in  the  field  and  office.  This  force  was  further  increased  in  the 
course  of  a  month.  The  general  policy  of  developing  the  plans  was 
explained  to  the  Chief  of  Engineers  of  the  United  States  Army  and 
to  the  Secretary  of  War. 

CONSULTING  ENGINEERS 

One  of  Mr.  Morgan's  first  recommendations  to  the  Flood  Pre- 
vention Committee  was  that  they  secure  the  services  of  a  board  of 
consulting  engineers,  in  order  that  this  board  might  early  become 
thoroughly  acquainted  with  the  situation  and  give  the  committee 
the  benefit  of  its  judgment  and  experience  as  the  work  progressed. 
The  committee  immediately  adopted  his  suggestions  that  Professor 
Daniel  W.  Mead,  consulting  engineer  of  Madison,  Wisconsin,  and 
Professor  Sherman  M.  Woodward,  hydraulic  engineer,  of  Iowa 
City,  Iowa,  be  appointed,  these  two  to  select  the  third  member  of 
the  board.  Messrs.  Mead  and  Woodward  accepted  the  commission 
on  May  5  and  secured  John  W.  Alvord,  consulting  engineer  of  Chi- 
cago, 111.,  to  act  as  the  third  member.  General  H.  M.  Chittenden 
was  later  called  in  as  consulting  engineer  at  various  times. 

SUMMARY  OF  RESULTS 

It  would  be  difficult  to  summarize  definitely  the  final  results 
brought  about  by  the  various  flood  control  and  emergency  commit- 
tees in  the  valley,  or  to  estimate  the  tremendous  unifying  effect  of 
the  flood  itself.  In  Dayton  a  gratifying  result  of  the  flood  and  of 
the  heroic  work  following,  was  the  breaking  up  of  life-long  preju- 
dices and  factions,  and  the  welding  of  the  city  into  a  fellowship  of 
progress.  Dayton's  present  form  of  commission-manager  govern- 
ment, while  under  consideration  before  the  flood,  is  due  in  large 
part  to  the  reconstructive  influences  which  followed.  Each  com- 
munity in  the  valley  made  some  eflfort  to  solve  its  flood  problem  in- 
dependently, but  these  efforts  only  demonstrated  the  helplessness 
of  the  smaller  cities  to  secure  complete  relief  through  local  improve- 
ments, and  emphasized  the  fact  that  the  safety  of  the  entire  valley 
must  be  provided  for  under  one  plan.  On  November  28,  1913,  a 
Butler  County  delegation  met  the  Dayton  Flood  Prevention  Com- 
mittee in  Dayton  ^o  discuss  plans  for  the  protection  of  the  entire 
valley,  and  on  December  9  the  Butler  County  Emergency  Commis- 
sion arranged  with  the  Dayton  Flood  Prevention  Committee  to 
include  Butler  County  in  plans  for  protection  of  the  valley.  The 
Flood  Prevention  Committee  also  conferred  with  the  representa- 
tive citizens  of  Piqua  and  other  places. 
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The  development  of  a  successful  policy  and  plans  for  flood  con- 
trol in  the  Miami  Valley  involved  radical  departures  from  time- 
worn  methods,  which  created  innumerable  obstructions  through 
ignorance  and  local  prejudice.  All  the  momentum  and  stability 
that  the  combined  efforts  and  cooperation  of  these  groups  of  men 
could  give  were  needed  to  guide  the  work  safely  through  the  many 
difficulties  encountered.  The  chronology  of  the  project,  given  in 
chapter  IX,  presents  an  example  of  steady,  constructive  progress 
that  was  attained  only  through  investigation  and  preparation  for 
every  contingency.  The  progress  made  toward  flood  control  in  the 
valley  is  due  largely  to  the  members  of  the  Flood  Prevention  Com- 
mittee and  to  the  people  of  Dayton  who  believed  in  them  and  gave 
them  support.  The  committee  was  quick  to  see  the  various  needs, 
to  make  accurate  appraisals  of  situations,  to  define  sound  policies, 
and  having  outlined  their  program  had  the  wisdom  to  see  it  con- 
sistently through  to  the  end. 


CHAPTER  IL— PRELIMINARY  REPORTS 

This  chapter  is  composed  of  extracts,  arranged  so  far  as  prac- 
ticable in  chronological  order,  taken  from  various  official  reports 
dealing  with  the  flood  situation  and  the  evolution  of  the  flood  pro- 
tection plans  during  the  first  year  following  the  inception  of  the 
work.  The  reports  utilized  include  one  prepared  by  a  board  of  U. 
S.  Army  Engineers,  a  preliminary  report  and  a  later  progress  re- 
port of  the  Morgan  Engineering  Company,  two  reports  from  the 
regular  consulting  engineers  of  the  project,  two  reports  of  the  Day- 
ton Flood  Prevention  Committee,  a  report  of  a  special  board  of  con- 
sulting engineers,  and  a  report  prepared  by  the  attorneys  and 
counsel  employed  on  the  project. 

Some  of  these  reports  are  given  in  full,  but  in  order  to  save 
space  others  are  given  in  part  only.  The  portions  omitted  repeat 
matter  given  elsewhere,  or  deal  with  details  unimportant  to  the 
general  history  of  the  project.  Most  of  these  reports  have  previ- 
ously appeared  somewhere  in  print. 

EARLY  REPORTS 

Immediately  following  the  flood  of  March,  1913,  numerous  re- 
ports were  printed,  describing  the  effects  of  the  flood  and  suggest- 
ing various  plans  for  future  protection  against  such  conditions. 
Many  of  these  reports,  though  having  the  semblance  of  engineering 
data,  were  hastily  prepared,  were  based  on  insufficient  and  inac- 
curate information,  and  contained  estimates  which  were  necessarily 
incomplete  and  therefore  misleading.  The  public  desire  that  actual 
construction  be  started  at  once  operated  to  make. such  immature 
plans  a  real  menace  to  the  best  solution  of  the  problem  for  places 
which  most  needed  protection.  Passing  mention  is  made  of  this 
only  to  indicate  one  of  several  sources  of  the  opposition  that  de- 
veloped later  to  the  working  out  of  an  effective  plan  for  protecting 
the  entire  Miami  Valley. 

In  marked  contrast  to  such  reports  is  that  made  to  the  Chief 
of  Engineers,  U.  S.  Army,  on  May  26,  1913,  by  the  Board  of  Army 
Engineers  composed  of : 

Lieut.  Col.  Francis  R.  Shunk 

Lieut.  Col.  Henry  Jervey 

Maj.  Charles  S.  Bromwell 

Maj.  John  C.  Oakes 

Maj.    Frederick   W.    Altstaetter 

Maj.  Lewis  11.  Rand 

31 
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The  following  quotations  are  taken  from  the  report: 

REPORT  OF  ARMY  ENGINEER  OFFICERS 

3.  Acting  as  it  understood  its  instructions  *  *  *  ♦  *^  the  Board  has  en- 
deavored to  meet  the  wishes  of  the  localities  visited  by  giving  them  the 
benefit  of  its  experience.  It  was  found  that  in  general  immediate  decisions 
were  desired  on  matters  the  factors  of  which  were  so  complicated  that  re- 
sults could  be  expected  only  after  thorough  concentrated  study,  and  that  due 
to  lack  of  data  and  time  such  decisions  at  this  time  are  impossible. 

5.  *****  It  would  appear  that  the  first  requisite  for  the  prevention 
of  interference  with  interstate  commerce  and  indeed  for  the  protection  of 
the  railroads  themselves  should  be  the  exercise  by  some  central  body  of 
supreme  control  of  bridges  and  their  approaches.  This  control  should  ex- 
tend to  city  and  county  bridges  of  which  numbers  were  destroyed  by  the 
flood. 

7.  While  the  flood  in  many  places  was  the  worst  on  record,  there  is  no 
reason  why  even  worse  ones  may  not  be  expected  in  future. 

8.  The  Board  finds  that  the  damage  caused  by  these  floods  may  be 
divided  into  two  well  marked  classes,  those  due  to  high  water  and  those  due 
to  strong  currents.  Damages  of  the  first  class  to  some  extent  and  those  of 
the  second  class  to  a  very  large  extent  were  caused  by  artificial  contractions 
of  the  river  channels  and  their  adjacent  flood  plains.  Building  lines  have 
been  pushed  forward  into  the  .streams,  bridge  abutments  have  been  carried 
out  beyond  proper  limits,  piers  so  placed  as  to  further  choke  the  channels, 
and  deck  bridges  with  insufficient  vertical  clearance  have  been  used  instead 
of  through  bridges  at  proper  elevations.  On  the  flood  plains,  cities  and 
towns  have  been  so  located  as  (o  act  as  dams,  and  railroad  embankments 
have  been  carried  from  bluff  to  bluff.  All  these,  by  backing  up  the  water 
aibove  them,  caused  differences  of  level  which  developed  currents  of  high 
velocity,  in  some  cases  sufficient  to  carry  heavy  bridge  girders  six  or  seven 
hundred  feet,  and  these  currents  it  was  which  caused  the  unusual  damages 
of  the  late  floods,  such  as  destruction  of  houses  and  bridges,  tearing  up 
streets  and  loss  of  life.  Mere  high  water,  although  bad  enough,  would  not 
cause  a  catastrophe  such  as  the  late  flood  in  the  Miami  Valley,  but  it  is 
obvious  that  the  height  of  the  water  in  many  cases  was  greatly  increased  by 
the  artificial  obstructions  above  mentioned. 

9.  The  Board  is  at  present  not  prepared  to  recommend  means  of  pre- 
venting the  occurrence  of  high  stages  in  the  rivers  due  to  excessive  rainfall. 

10.  Damages  of  the  second  class,  due  to  high  velocities,  can  in  the 
opinion  of  the  Board  be  almost  entirely  prevented  by  removing  obstructions 
irom  the  river  channels  and  flood  plains,  by  enlarging  the  channels  where 
their  natural  dimensions  are  insufficient,  by  building  levees  where  overflow 
of  the  whole  flood  plain  is  not  desired  and  possibly  by  providing  diversion 
channels.  As  an  example  of  what  may  be  done  it  is  deemed  proper  to  give 
an  account  of  the  plans  tentatively  worked  out  for  Columbus,  Ohio. 

14.  Columbus,  Dayton,  and  Hamilton  have  provided  for  such  surveys 
as  are  necessary  for  their  own  particular  purposes,  but  so  far  as  the  Board 
knows  no  comprehensive  survey  is  being  made  that  includes  all  of  the  in- 
formation necessary  for  solving  the  problem  of  flood  control  of  any  stream 
in  the  Ohio  River  basin.     Many  partial  surveys  have  been  made,  but  very 
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(ew  complete  surveys  have  been  made  inrluding  all  the  data  necessary  for 
the  determination  of  all  questions  of  river  control.  In  the  whole  Ohio 
River  basin  only  one  survey  has  been  made  which  includes  topography  of 
the  flood  plain  and  discharge  measurements  as  well  as  the  ordinary  infor- 
mation relating  to  meanderings  of  the  stream,  and  its  varyioK  depths.  The 
Board  recommends  that  in  future  whenever  a  survey  by  the  United  States 
is  made  to  determine  questions  of  navigability  such  survey  shall  include  all 
data  necessary  to  determine  questions  pertaining  to  regulation  and  uses  of 
the  stream. 

15.  As  to  its  further  operations,  the  Board  is  of  opinion  that,  in  ac- 
cordance with  its  instructions,  the  whole  subject  of  floods  and  their  pre- 
vention should  be  fully  investigated.  *  *  •  •  • 


FIG.  9.— PENNSYLVANIA  RAILROAD  BRIDGE  AT  PIQUA. 
View  taken  March  28,  1913.  when  the  flood  was  subsiding.     Note  debris 
1  the  lower  chords. 


16.  The  Board  has  been  much  impressed  in  its  examination  by  the 
evils  of  divided  control  of  the  water  courses.  The  obstructions  which  have 
been  placed  along  the  various  streams  ought  never  to  have  been  put  there 
and  their  construction  should  have  been  prevented,  but  since  the  control  of 
rivers  is  in  the  twilight  zone  between  the  spheres  of  Federal  and  State 
authority  it  developed  that  what  was  anybody's  business  was  nobody's  busi- 
ness and  no  effective  authority  has  been  exercised  by  anybody.  These  rivers 
are  feeders  of  a  navigable  stream  and  have  an  important  eHect  upon  the 
regime  of  the  Ohio  River,  and  it  is  the  opinion  of  the  Board  that  the  author- 
ity of  the  United  States  should  be  exercised  to  prevent  encroachments  upon 
them  exactly  as  in  the  case  of  navigable  streams.  It  is  believed  that  this 
is  the  only  method  of  control  which  promises  good  results  in  practice.  The 
Board  further  urges  that  immediate  steps  be  taken  to  exercise  such  au- 
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thority  since  bridges  and  other  structures  are  to  be  rebuilt  at  once  and  there 
is  evident  danger  in  several  places  that  they  may  be  rebuilt  in  an  obstructive 
manner. 

For  the  Board: 

Francis  R.  Shunk, 
Lt.  Col.,  Corps  of  Engineers, 
Senior  Member,  Board  of  Officers  on  River  Floods. 

It  will  be  noted  in  the  foregoing  that  the  board  was  "not  pre- 
pared to  recommend  means  of  preventing  the  occurrence  of  high 
stages  in  the  rivers  due  to  excessive  rainfall",  and  that  it  offered  no 
plans  for  the  protection  of  an}''  community  in  particular.  It  made  a 
general  analysis  of  the  flood  problem,  and  definite  recommendations 
as  to  what  steps  should  be  taken  to  aid  in  its  solution.  The  report 
placed  particular  emphasis  on  the  need  for  more  complete  and  com- 
prehensive surveys  and  collection  of  engineering  data  to  enable  the 
making  of  definite  plans  and  estimates.  In  urging  proper  control  of 
streams  and  definite  supervision  over  bridges  the  board  indicated 
the  necessity  of  cooperation  between  the  various  communities  along 
a  water  course. 

PRELIMINARY  REPORT  OF  MORGAN  ENGINEERING 

COMPANY 

At  the  time  of  this  report  the  examination  of  the  Miami  Valley 
was  only  fairly  begun.  As  the  Morgan  Engineering  Company  pro- 
ceeded with  its  various  surveys,  the  collecting  of  data,  and  the  mak- 
ing of  preliminary  investigations,  a  plan  was  gradually  evolved  for 
the  protection  of  the  valley  against  floods.  The  early  progress  in 
the  development  of  this  plan  is  described  in  the  following  prelim- 
inary report  of  the  Company  under  date  of  October  3,  1913 : 

Dayton,  Ohio,  October  3,  1913. 
The  Flood  Prevention  Committee 

of  the 
Dayton  Citizens'  Relief  Commission, 

Dayton,  Ohio. 
Gentlemen: 

We  wish  to  report  the  progress  of  the  Miami  flood  prevention  survey 
to  date.  You  instructed  us  to  make  surveys  and  to  prepare  plans  for  the 
protection  from  floods  of  the  city  of  Dayton,  and  also  of  the  cities  of 
Miamisburg,  Troy,  and  Piqua,  and  all  other  towns  in  the  watershed  of  the 
Miami  River  north  of  the  south  line  of  Montgomery  County;  and  also  to 
plan  the  reclamation  of  the  agricultural  lands  in  the  valley  of  the  Miami 
River  and  its  tributaries.  Our  work  has  been  in  accordance  with  these  in- 
structions. 

•    It  has  been  our  aim  to  investigate  every  possible  method  of  flood  pro- 
tection in  order  to  be  assured  that  no  possibilities  were  overlooked.     We 
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have  determined  that  a  number  of  the  suggested  methods  are  entirely  im- 
practicable. Among  these  are  projects  for  diverting  the  Miami  and  the  Had 
Rivers  into  the  Little  Miatni;  for  diverting  the  Miami  and  the  Stillwater 
Rivers  to  the  west  and  north  of  the  city,  and  for  diverting  the  Miami  and 
Mad  Rivers  to  the  east  of  the  city,  near  Harshman. 

The  following  projects  are  found  to  be  feasible,  though  further  investi- 
gation is  necessary  to  determine  fully  their  comparative  merits  and  cost: 

DIVERSION  CHANNELS 
First:     Two  storage  reservoirs  on  the  Stillwater  River,  with  the  diver- 
sion of  Mad  River  through  the  city  along  or  near  Ihe  route  of  the  old  Miami 
and  Erie  Canal,  and  the  iniprovetnent  of  the  present  channel  to  carry  only 
the  Miami  River. 


FIG.  10.— STABLE  WRECKED  BY  FLOOD  OF  MARCH,  1913. 
The  high  velocities  below  the  Main  Street  bridge  at  Dayton  caused  the 
collapse  of  the  retaining  wall  under  the  north  side  of  this  stable. 

Second:  Two  storage  reservoirs  on  Stillwater  River,  with  the  diversion 
of  the  Miami  River  from  a  point  near  the  west  end  of  Old  River  north  of 
town,  thence  south  to  a  point  east  of  the  Gas  Work.s;  and  thence  the  diver- 
sion of  both  the  Mad  and  Miami  Rivers  south  along  the  old  Miami  &  Erie 
Canal,  crossing  Ihe  present  course  of  the  Miami  River  above  the  Stewart 
Street  bridge,  and  thence  southwesterly  two  miles  or  more.  In  working 
out  this  plan,  it  may  prove  better  to  follow  a  route  east  of  the  canal  where 
property  is  cheaper,  as  the  Miami  River  can  be  diverted  into  the  Mad  River 
at  any  point  between  their  present  junction  and  the  Erie  Railroad  bridge 
east  of  town. 
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.Third:  The  diversion  of  the  Mad  River  into  the  Miami  and  Stillwater 
north  of  town,  and  the  diversion  of  all  three  streams  from  a  point  near  the 
Steele  Dam,  southwesterly  along  the  old  Miami  Boulevard  into  the  river 
near  the  Dayton  View  bridge;  thence  following  the  present  course  of  the 
river  to  the  mouth  of  Wolf  Creek  and  thence  southwesterly  to  the  southern 
limits  of  town,  and  for  two  miles  or  more  beyond.  As  variations  of  this 
plan,  it  might  be  desirable  to  build  reservoirs  on  Stillwater  River,  and  it 
might  be  desirable  instead  of  leaving  the  river  at  the  mouth  of  Wolf  Creek, 
to  follow  the  river  from  the  Dayton  View  bridge  to  the  Washington  Street 
bridge,  and  thence  to  make  a  diversion  channel  in  a  southwesterly  direction. 

IMPROVING  THE  PRESENT  CHANNEL 

Fourth:  The  improvement  of  the  river  channels  throughout  the  city; 
removing  all  of  the  concrete  bridges  and  replacing  them  with  steel-truss 
bridges,  with  not  more  than  two  piers  in  the  channel.  It  is  practically  im- 
possible to  confine  an  extreme  flood  to  the  present  channel  with  the  con- 
crete bridges  in  their  present  condition. 

Fifth:  The  improvement  of  the  river  channels  leaving  the  concrete 
bridges  in  the  channel,  but  deepening  their  foundations  from  10  to  20  feet. 
While  we  believe  this  method  of  improvement  is  feasible,  we  have  not  yet 
completed  plans  for  deepening  the  piers. 

Sixth:  Straightening  the  Miami  River  channel  by  rounding  off  some 
of  the  sharpest  bends,  and  at  the  same  time  increasing  its  size.  In  such  an 
improvement,  a  strip  of  land  east  and  west  from  the  north  end  of  the  Main 
Street  bridge  would  be  taken,  as  well  as  the  point  of  land  along  the  east  end 
of  the  Dayton  View  bridge.  It  would  also  be  necessary  to  take  a  strip  of 
land  along  the  east  side  of  the  river  extending  from  the  Main  Street  bridge 
past  the  Dayton  View  bridge  toward  the  Third  Street  bridge.  This  would 
require  the  removal  or  modification  oi  the  concrete  bridges. 

Seventh:  Raising  the  levees.  In  the  plans  heretofore  mentioned,  it  is 
intended  to  keep  the  water  line  below  the  present  tops  of  the  levees.  We  arc 
also  determining  the  cost  of  raising  the  levees,  improving  the  channel,  and 
lifting  the  concrete  bridges  to  higher  elevations.  While  this  method  of  im- 
provement seems  to  be  feasible,  it  would  have  the  disadvantages  that  street 
grades  approaching  the  bridges  would  be  steeper;  that  the  higher  stage  of 
the  water  during  a  flood  would  tend  to  be  a  menace  to  the  city,  and  that 
higher  levees  would  be  a  detriment  to  the  adjoining  property. 

Of  the  foregoing  plans,  those  for  the  improvement  of  the  present  river 
channel  are  the  most  diflficult  to  deal  with  because  of  the  bridges;  of  the 
tendency  of  the  water  to  pile  up  at  the  outside  of  the  bends  in  passing 
around  the  bends;  of  the  necessity  for  paving  the  sides  and  part  of  the  bot- 
tom of  the  channel  with  concrete  to  pi  event  the  erosion  which  would  result 
from  high  velocities,  and  especially  the  great  loss  of  velocity  at  the  bends  in 
the  river.  ***** 

If  the  bridge  openings  were  left  in  their  present  condition,  except  for 
protection  to  the  piers,  the  water  level  at  the  Herman  Avenue  bridge  would 
be  more  than  10  feet  higher  than  if  there  were  no  bridges  to  obstruct  its 
flow.  These  few  figures  are  given  only  to  indicate  the  dif!iculties  of  the 
problems  encountered  in  planning  the  improvement  of  the  river  channel. 
The  present  river  channel,  with  the  water  flowing  at  the  top  of  the  levees, 
would  carry  less  than  half  of  the  flood  of  last  March. 


<  -I 
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STORAGE  RESERVOIRS 

Eigfhth:  At  the  time  we  began  our  investigations,  we  did  not  believe 
that  complete  flood  protection  could  be  secured  by  storage  reservoirs,  and 
our  investigation  of  this  means  of  river  control  was  carried  out  chiefly  be- 
cause it  has  been  our  policy  to  examine  carefully  every  possible  method  of 
improvement. 

We  find  upon  examination  that  due  to  the  alternate  widening  and  nar- 
rowing of  the  valleys  of  the  Miami,  Mad,  and  Stillwater  Rivers,  they  are 
peculiarly  adapted  to  the  construction  of  reservoirs.  Many  of  these  reser- 
voir sites  are  made  impossible  by  the  locations  of  towns  or  railroads.  We 
have  investigated  all  of  the  more  practicable  sites  over  the  watershed,  and 
have  determined  upon  six  which  fully  meet  the  requirements. 

We  have  not  completed  estimates  for  any  other  methods  of  improve- 
ments, but  have  progressed  far  enough  to  make  reasonably  certain  that  if 
all  the  interests  which  are  affected  bear  their  fair  proportions  of  the  cost, 
flood  protection  for  the  Miami  Valley  can  be  secured  by  a  system  of  storage 
reservoirs  more  cheaply  and  more  quickly  than  by  any  other  method.  We 
have  outlined  a  system  which  will  give  complete  relief  from  floods  to  the 
entire  Miami  Valley  from  near  the  headwaters  of  the  Miami  River  to  the 
Ohio  River;  to  the  Stillwater  Valley  from  West  Milton  to  its  outlet;  and  to 
the  town  of  Osborn  on  the  Mad  River. 

COST  OF  RESERVOIR  SYSTEM 

The  biggest  item  of  cost  in  the  system  of  storage  reservoirs  would  be 
the  land  taken.  As  the  reservoirs  would  be  empty  during  the  crop-raising 
season  of  each  year,  and  as  the  ponding  of  the  water  during  floods  would 
tend  to  prevent  soil  erosion,  and  would  cause  fertile  mud  to  be  deposited, 
the  productive  value  of  the  lands  within  the  reservoir  would  probably  be 
increased.  However,  as  it  may  be  necessary  to  purchase  a  large  part  of 
these  lands  in  securing  right-of-way,  we  have  included  in  our  estimate  of 
costs  about  half  the  total  value  of  the  lands  belov/  the  water  line  during  the 
most  extreme  floods,  such  as  occurred  last  March.  A  large  part  of  the  lands 
in  the  reservoirs  would  not  be  covered  once  in  20  years. 

We  estimate  that  with  two  reservoirs  on  the  Stillwater  River,  two  on 
the  Miami,  one  on  Loramie  Creek,  and  one  on  Mad  River,  the  extreme  flood 
flow  at  Dayton  would  be  reduced  to  not  more  than  one-fifth,  and  at  Ham- 
ilton, near  the  mouth  of  the  Miami,  to  about  one-third  of  the  greatest  flow 
during  the  March  flood. 

A  system  of  reservoirs,  the  sole  object  of  which  would  be  complete 
flood  prevention  in  the  Miami  Valley,  would  cost  about  $12,000,000.  It  is 
possible  that  a  complete  detailed  estimate  will  show  a  considerable  less  cost, 
but  such  a  possibility  cannot  be  counted  upon  at  present.  If  the  National 
Government  should  cooperate  toward  a  more  extensive  system  in  order  to 
store  water  to  raise  the  low  stages  of  the  Ohio  River  and  to  further  reduce 
floods  in  the  Ohio  Valley,  the  cost  would  be  increased. 

We  are  not  sufficiently  familiar  with  river  conditions  at  Hamilton  to 
state  the  capacity  of  the  Miami  at  that  place.  We  believe  that  the  flood 
protection  afforded  by  this  system  would  be  sufficient  for  all  purposes  in 
the  Miami  Valley.     Should  it  appear,  however,  that  the  city  of  Hamilton 
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should  require  further  protection,  it  can  be  secured  by  the  addition  of  an- 
other reservoir  on  Twin  Creek  above  Germantown.  This  would  have  the 
added  advantage  of  protecting  Germantown  from  a  recurrehce  of  the  dam- 
age of  last  March,  and  also  of  protecting  the  agricultural  lands  along  Twin 
Creek.  The  cost  of  this  additional  reservoir  was  not  included  in  the  above 
estimate,  as  we  believe  it  will  not  be  necessary.  In  this  estimate  for  reser- 
voirs we  have  considered  only  flood  protection,  and  have  not  included  park- 
ing or  other  improvements  along,  the  river  in  Dayton,  or  the  cost  of  addi- 
tional capacity  of  reservoirs  for  water  power.  In  one  instance,  it  may  be 
profitable  to  go  to  additional  expense  to  develop  water  power.  This  would 
result  also  in  the  formation  of  a  permanent  lake  near  Dayton. 

In  view  of  the  fact  that  the  city  of  Dayton,  as  well  as  all  other  cities  in 
the  Miami  Valley,  can  secure  protection  most  economically  by  cooperating 
in  the  construction  of  a  system  of  storage  reservoirs,  we  believe  that  it 
would  be  desirable  for  the  committee  at  once  to  get  in  touch  with  the  flood 
prevention  committees  in  all  parts  of  the  valley  to  the  end  that  such  co- 
operation be  secured.  In  the  case  of  the  small  cities  like  Miamisburg,  and 
in  case  of  agricultural  lands  in  the  valley,  this  method  would  result  in  com- 
plete security  at  a  moderate  cost,  whereas  their  condition  is  hopeless  if  they 
must  rely  on  their  own  efforts  for  local  protection. 

In  designing  these  reservoirs,  it  seems  desirable  not  to  adhere  closely 
to  engineering  practice  in  the  construction  of  dams.  The  interests  involved 
are  so  great  that  it  is  desirable  to  plan  dams  of  heavier  and  larger  section 
than  is  usual.  Our  plans  in  this  regard  may  be  criticised  by  engineers  as 
unduly  large  and  expensive,  but  it  seems  necessary  that  there  should  be  left 
no  room  for  doubt  as  to  the  ab.solute  and  complete  security  of  such  a 
system. 

To  protect  the  entire  valley  by  means  of  reservoirs  would  require  about 
half  as  much  time  as  to  protect  Dayton  alone  by  local  works.  We  estimate 
that  two  to  three  years  would  be  necessary  to  complete  the  construction  of 
a  reservoir  system,  after  the  legal  proceedings  make  construction  possible. 

We  are  continuing  our  work  on  other  methods  of  protection,  but  in 
view  of  the  great  amount  of  work  involved  in  making  accurate  comparisons 
it  will  be  some  months  before  a  final  report  on  all  methods  of  protection 
can  be  submitted.  Our  investigations  have  gone  far  enough  to  indicate  that 
the  cost  of  protection  to  the  city  by  local  works  will  not  be  less  than  $7,000,- 
000  nor  more  than  $10,000,000. 

Respectfully  submitted, 

MORGAN  ENGINEERING  COMPANY, 

By  Arthur  E.  Morgan. 

As  the  feasibility  of  the  plans  outlined  in  the  above  report  de- 
pended largely  on  the  cooperation  of  the  cities  and  towTis  in  the 
valley,  it  was  thought  best  to  give  full  publicity  to  the  possibilities 
even  though  the  information  at  that  time  available  was  insufficient 
to  permit  a  thorough  cost  analysis.  Channel  improvements  would 
be  purely  local  in  eflfect  and  very  costly.  It  would  be  difficult  and 
expensive  to  secure  the  needed  right-of-way  through  cities,  and  each 
improvement  would  tend  to  increase  the  difficulties  of  protecting 
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other  points  in  the  valley  below.  These  facts  all  showed  the  advan- 
tages of  a  plan  of  reservoir  control  that  would  protect  the  entire 
valley.  Effective  cooperation  of  the  various  communities  affected, 
for  carrying  out  such  a  plan,  was  not  possible  under  existing  laws. 
It  was  evident  that  new  legislation  would  be  required,  and  the  work 
of  assembling  data  for  the  preparation  of  the  bill  for  the  state  leg- 
islature, which  had  already  been  begun  by  Mr.  Morgan,  was  given 
particular  attention.  The  tentative  conclusions  outlined  by  the 
Morgan  Engineering  Company  were  substantially  endorsed  by  the 
following  reports  of  the  board  of  consulting  engineers. 

REPORTS  OF  THE  CONSULTING  BOARD 

Dayton,  Ohio,  October  25,  1913- 
Morgan  Engineering  Co., 
Dayton,  Ohio. 

Gentlemen: 

At  the  time  of  our  previous  visit  to  Dayton  in  connection  with  this 
work,  a  very  limited,  general  examination  led  us  to  think  that  the  most  suit- 
able works  for  the  protection  of  Dayton  would  probably  be  found  to  be  in 
the  line  of  channel  improvements  rather  than  in  reservoir  construction, 
since  under  similar  conditions  elsewhere  such  has  usually  been  found  to  be 
the  case. 

The  investigations  of  your  various  field  parties  indicate  that  unusually 
favorable  reservoir  sites  exist  in  this  valley.  From  the  data  laid  before  us, 
this  method  of  flood  protection  seems  to  be  the  most  feasible  of  any  method 
yet  investigated,  and  therefore  demands  most  careful  consideration  and  in- 
vestigation. 

The  amount  of  data  at  hand  is  so  considerable  as  to  render  it  impos- 
sible for  us,  without  more  study,  to  properly  digest  all  the  facts  on  which 
our  opinion  on  this  project  must  be  predicated;  and  still  less  to  arrive  at 
definite  and  final  conclusions  in  regard  to  the  practicability  and  cost  of  the 
tentative  plans  before  us. 

After  the  receipt  of  such  specific  and  detailed  information  concerning 
these  various  reservoirs  as  is  now  available,  and  will  become  available  as  the 
surveys  of  your  various  field  parties  are  completed,  we  will  give  this  matter 
our  early  attention,  and  hope  to  furnish  you  definite  opinions  as  early  as 
possible.  The  importance  of  the  stability  and  safe  operation  of  reservoirs 
situated  above  the  city  of  Dayton  demands  the  most  careful  and  complete 
study  before  a  final  decision  is  made. 

We  understand  that  all  other  practicable  projects  for  local  improve- 
ments, or  local  improvement  in  combination  with  more  limited  reservoirs 
than  those  now  contemplated,  will  also  be  carried  through  the  stage  of  pre- 
liminary design  and  estimate,  in  order  that  proper  comparison  may  be  made 
of  all  available  methods  of  relief.  We  heartily  endorse  such  comparative 
study,  as  we  cannot  express  an  opinion  as  to  the  relative  merits  of  a  reser- 
voir system  compared  with  other  feasible  systems  of  flood  protection  until 
the  data  furnished  by  such  an  investigation  is  available. 
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A  reservoir  S3'^stem,  if  ultimately  found  as  economical  and  efficient  as 
seems  reasonably  apparent  from  our  limited  examination  of  the  data  now 
available,  would  at  least  materially  reduce  the  necessity  and  expense  for 
local  betterments  to  all  of  the  municipalities  below  such  reservoirs,  and 
would  probably  greatly  reduce  the  cost  of  ultimate  betterments  to  each  of 
the  municipalities  benefitted  thereby. 

It  is  evident,  therefore,  from  the  investigation  made,  that  the  prospects 
are  so  good  for  an  economical  reservoir  system  to  constitute  the  chief,  or  at 
least  a  leading  feature  of  the  necessary  betterments,  and  the  effect  of  such  a 
system  of  improvements  is  likely  to  be  so  important — not  only  to  Dayton 
but  to  many  other  municipalities  in  the  Miami  Valley — that  it  now  seems 
that  some  co-ordinate  action  between  these  municipalities  is  of  the  utmost 
importance. 

We  recommend,  therefore,  that  immediate  action  be  taken  looking  to- 
ward the  formulation  of  suitable  state  legislation  permitting  coordinate 
action,  both  on  the  lines  suggested  and  on  such  other  lines  as  may  be  re- 
quired by  the  conditions  at  other  points  within  the  state. 

Respectfully  submitted, 

D.  W.  Mead, 
J.  W.  Alvord, 
S.  M.  Woodward, 
Consulting  Board. 

Dayton,  Ohio,  January  17,  1914. 
The  Flood  Prevention  Com;nittee, 

Dayton,  Ohio. 
Gentlemen: 

As  requested,  we  met  in  Dayton  January  16  and  17,  1914,  and  have  to- 
gether reviewed  the  studies  suggested  by  us  and  completed  by  the  Morgan 
Engineering  Company  since  our  last  meeting  on  October  25,  1913,  as  well  as 
the  data  which  has  been  sent  us  from  time  to  time  since  then,  and  which  we 
have  individually  considered  previous  to  this  meeting. 

Much  progress  has  been  made  during  this  interval  in  ascertaining  the 
probable  effect  of  a  reservoir  system  under  various  conditions,  and  in  secur- 
ing further  information  as  to  channel  improvement.  Since  our  last  meeting, 
the  territory  to  be  considered  has  been  extended  to  include  practically  the 
entire  Miami  Valley,  including  the  cities  of  Hamilton  and  Middletown. 
This  will  materially  extend  the  work  in  hand,  but  will  also  simplify  the  gen- 
eral problem  in  many  ways.  Further  data  must  be  secured  for  the  proper 
consideration  of  this  additional  territory,  which  will  take  some  further 
time. 

Regarding  the  questions  before  us,  we  report  as  follows: 

Flood  protection  must  usually  consist  of: 

1. — Channel  improvement,  including  levees,  to  provide  for  the  safe 
passage  of  floods;  or, 

2. — Reservoirs  for  the  partial  or  entire  retention  or  delay  of  flood  waters 
until  they  can  be  safely  and  slowly  released;  or, 

3. — Such  combination  of  channel  improvements  and  flood  reservoirs  as 
the  local  conditions  may  render  most  practicable. 

These  methods  of  flood  protection  are  not  new,  are  based  on  thoroughly 
established  engineering  precedent,  and  are  not  solely  a  matter  of  theory. 
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We  find  that  the  cost  of  satisfactory  flood  protection  to  life  and  to  the 
property  interests  of  the  Miami  Valley  by  channel  improvements  alone  will 
be  so  great  as  to  render  such  improvements  impracticable. 

We  find  that  the  regulation  of  the  Miami  River  and  its  tributaries  for 
the  protection  of  life  and  of  the  various  public  and  private  property  inter- 
ests from  the  ravages  of  flood  can  best  be  accomplished  by  the  construction 
of  suitable  flood  reservoirs,  together  with  moderate  channel  improvements, 
where  needed. 

The  construction  of  earth  dams,  and  the  impounding  of  water  in  reser- 
voirs thus  created,  for  the  purpose  of  flood  prevention  is  sound  engineering 
practice: 

1. — When  physical  conditions  make  such  reservoirs  feasible. 

2. — When  the  structures  are  properly  designed,  constructed,  and  main- 
tained. 

We  find  the  topographical  and  other  physical  conditions  in  the  Miami 
Valley  suitable  for  this  purpose. 

The  proper  design,  construction,  and  maintenance  of  these  structures  is 
absolutely  necessary  for  the  safety  of  the  lives  and  property  lying  below 
them.  For  this  reason,  we  emphasize  the  necessity  for  the  greatest  caution 
in  each  step  of  the  improvement,  which  must  be  considered  solely  on  the 
basis  of  the  welfare  of  the  district,  and  must  be  entirely  divorced  from  false 
economy  or  political  expediency. 

We  find  that  the  plans  outlined  by  the  Morgan  Engineering  Company 
for  the  location  and  construction  of  these  structures  are,  in  general,  satis- 
factory. 

As  detailed  plans  are  not  yet  prepared,  we  reserve  the  right  to  criticise 
such  plans  when  completed,  to  demand  any  modification  in  such  plans,  and 
to  insist  upon  such  care  in  construction  as  may  be  found  necessary  for  the 
safety  of  said  structures. 

Reservoirs  are  frequently  used  for  the  development  of  water  power  and 
for  other  purposes  besides  flood  prevention.  Such  uses,  however,  are  essen- 
tially antagonistic  to  the  purposes  for  which  these  reservoirs  are  recom- 
mended in  this  valley.  The  use  of  these  structures  as  "dry  reservoirs'*  to 
impound  flood  water  only  during  flood  periods  and  to  remain  dry  during 
other  conditions  of  flow,  adds  so  greatly  to  their  safety  and  stability,  that 
we  strongly  advise  that  they  he  utilized  for  flood  prevention  only  and  not 
for  any  other  purpose. 

Until  survey's,  plans,  and  estimates  are  more  nearly  completed,  it  is  im- 
possible to  determine  to  what  extent,  if  any,  collateral  channel  improve- 
ments will  be  necessary  at  various  points  in  the  valley.  We  are  convinced, 
however,  that  by  combined  action  among  the  several  municipalities  and 
property  interests,  the  system  of  reservoirs  proposed  will  so  greatly  reduce 
the  cost  of  necessary  channel  improvement  as  to  make  the  total  cost  of 
adequate  flood  protection  very  materially  lower  to  each  separate  interest. 

No  combined  action  of  all  of  the  interests  needing  flood  protection  in 
the  Miami  Valley  is  practicable  under  the  present  laws  of  Ohio.  The  bill 
now  prepared  for  this  purpose,  known  as  the  Conservancy  Act  of  Ohio, 
seems  to  fully  cover  the  needs  of  the  situation  so  far  as  they  can  be  ascer- 
tained at  this  time,  and  only  b>  adequate  legislation  will  the  necessary  com- 
bined flood  protection  works  in  the  Miami  Vallej'  become  practicable. 
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In  general,  the  cost  estimates  of  the  Morgan  Engineering  Company 
seem  reasonably  sufficient,  but  the  total  cost  of  these  improvements  cannot 
be  closely  determined  until  detailed  plans  are  made  and  finally  adopted. 
Based  on  the  general  estimates  so  far  made,  our  belief  is  that  the  total  cost 
will  be  reasonable  and  much  below  the  benefits  resulting  to  the  territory  to 
be  protected. 

We  find  that  the  improvements  thus  far  tentatively  outlined,  if  properly 
installed,  would  have  furnished  satisfactory  protection  to  the  various  muni- 
cipalities from  a  considerably  larger  flood  than  that  of  March,  1913. 

The  system  as  outlined,  with  such  modifications  in  detail  as  may  be 
found  essential,  will  give  safety  and  security  to  life  and  to  the  property  in- 
terests in  the  valley  against  great  floods,  and  we  would  advise  that  work  be 
continued  on  the  assumption  that  a  reservoir  system  will  constitute  the 
dominant  feature  of  the  protection  work,  which  will  be  supplemented  by 
such  moderate  channel  improvements  as  may  be  found  necessary  in  each 
locality. 

As  previously  stated,  the  safety  of  the  works  proposed  is  dependent  on 
the  care  and  thoroughness  with  which  the  physical  facts  are  determined  and 
with  which  adequate  plans  are  matured  to  meet  such  physical  conditions. 
No  false  idea  of  haste  should  be  permitted  to  detract  from  the  care  with 
which  the  preliminary  work  is  done.  We  commend  the  thoroughness  which 
has  characterized  the  work  to  the  present  time,  and  urge  that  there  be  no 
relaxation  of  vigilance  in  securing  the  maximum  safety  and  economy  in  the 
design,  construction,  and  maintenance  of  these  important  works. 

Respectfully, 

D.  W.  Mead, 
J.  W.  Alvord. 
S.  M.  Woodward, 
Consulting  Board. 

ENGINEERING  DATA 

In  the  spring  of  1914  the  Morgan  Engineering  Company  issued 
a  volume  containing  over  100  pages  of  typewritten  text  accompanied 
by  many  blue-printed  tables,  diagrams,  and  computations,  present- 
ing the  most  com.plete  collection  of  general  information  and  engi- 
neering data  relative  to  the  undertaking  that  had  been  made  up  to 
that  time.  References  were  made  to  such  pamphlets,  bulletins,  re- 
ports, maps,  and  other  data  as  could  not  conveniently  be  included. 
VVHiile  the  volume  was  not  presented  as  a  formal  report,  it  was  avail- 
able to  anyone  interested  in  the  work.  Its  contents  have  been  re- 
vised according  to  the  later  investigations  and  will  be  found  in  other 
volumes  of  the  technical  reports. 

On  the  first  page  of  the  text  the  volume  is  stated  to  be  a  "general 
outline  of  the  work  already  done  and  the  prinicpal  data  involved 

together  with  a  list  of  the  most  pertinent  data  available  in 

the  office which  may  be  seen  on  request."    One  immediate 
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and  important  purpose  it  served  was  to  aid  in  presenting  the  whole 
problem  to  a  special  board  of  consulting  engineers.  In  reviewing 
this  volume  of  data,  the  Engineering  Record,  in  its  issue  of  March 
28.  1914,  stated  that  the  "hydraulic  studies  made  by  the  Morgan 
Engineering  Company  have  been  both  more  extensive  and  intensive 
than  any  heretofore  made  in  this  country  or  abroad  on  a  single 
project." 

SPECIAL  BOARD  OF  CONSULTING  ENGINEERS 

In  March,  1914,  a  special  board,  consisting  of  eight  members, 
was  engaged  to  examine  and  report  on  the  plans : 

1. — As  to  the  adequacy  of  the  general  plan  proposed. 

2. — As  to  whether  other  plans  may  be  substituted  to  advantage. 

3. — As  to  whether  any  modifications  in  the  plans  proposed  may 
be  made  which  will  result  in  safer,  more  adequate,  or  more  econom- 
ical protection  works. 

The  following  extracts  taken  from  the  reports  of  the  Dayton 
Flood  Erevention  Committee  and  the  special  board  of  consulting 
engineers  explain  the  origin  and  the  work,  and  state  the  findings,  of 
this  special  board. 

Report  of  the  Dayton  Flood  Prevention  Committee 

To  The  Dayton  Citizens*  Relief  Commission, 
Dayton,  Ohio. 

Gentlemen: 

Your  committee  takes  pleasure  in  presenting  the  complete  report  re- 
ceived from  its  special  Board  of  Consulting  Engineers.  The  eight  engineers 
constituting  the  board  were  called  in  at  a  time  when  the  plans  that  had  been 
prepared  by  the  engineering  firm  employed  by  this  committee  were  at  such 
a  stage  that  a  thorough  investigation  and  an  intelligent  decision  were  pos- 
sible. The  stage  in  the  proceedings  toward  securing  flood  protection  for 
the  Miami  Valley  was  not  so  far  advanced,  however,  but  that  material 
changes  in  the  plans  might  be  made  without  prohibitive  loss  or  delay. 

Feeling  greatly  its  own  responsibility  in  the  matter  and  realizing  that 
the  issue  at  stake  in  the  Miami  Valley  is  too  enormous  to  countenance 
other  than  the  widest  experience  and  most  conservative  judgment,  the  com- 
mittee deemed  it,  therefore,  a  most  opportune  time  to  have  the  intelligent 
opmion  of  a  board  of  experts  on  the  work  proposed. 

It  is  with  renewed  confidence  that  it  presents  this  report,  formulated 
only  after  the  plans  had  been  subjected  to  a  critical  analysis  from  the  many 
different  viewpoints  of  the  individual  members  of  the  board. 

Respectfully  submitted, 

Dayton  Flood  Prevention  Committee. 
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Report  of  the  Special  Board  of  Consulting  Engineers 

Dayton,  Ohio,  March  26,  1914. 

To  the  Dayton  Flood  Prevention  Committee, 
Dayton,  Ohio. 

Gentlemen: 

The  special  Board  of  Consulting  Engineers,  convened  under  your  direc- 
tion to  consider  plans  for  the  prevention  of  flood  damages  in  the  Miami 
Valley,  has  the  honor  to  submit  the  following  report: 

INTRODUCTORY 

The  flood  of  March,  1913,  in  the  valley  of  the  Great  Miami  River,  was 
so  destructive  of  life  and  property  as  thoroughly  to  arouse  public  sentiment 
to  the  necessity  of  preventing  the  recurrence  of  a  similar  disaster.  Before 
the  overflow  had  disappeared  from  the  streets  of  Dayton,  in  which  city  the  -  r 

losses  from  the  flood  were  greatest,  a  Citizens'  Relief  Committee  was  ap- 
pointed by  the  Governor  of  the  state,  and  this  was  later  enlarged  to  a  mem- 
bership of  about  forty.  A  campaign  lor  raising  a  fund  of  $2,000,000  was 
started,  and  was  brought  to  a  successful  conclusion  on  May  27.  For  the 
proper  administration  of  this  fund,  the  Relief  Committee  was  legally  incor- 
porated under  the  name  of  the  Citizens'  Relief  Commission.  The  work  of 
this  organization  has  been  mainly  carried  on  by  a  committee,  which  is  offi- 
cially known  as  the  Dayton  Flood  Prevention  Committee,  and  is  in  close 
touch  with  the  work  of  similar  organizations  throughout  the  valley.  It  is 
through  the  initiative  of  this  committee  that  most  of  the  measures  thus  far 
carried  out  have  been  accomplished. 

Organization — The  active  agency  for  executing  the  purposes  of  the 
Flood  Prevention  Committee  has  been  the  Morgan  Engineering  Company, 
of  Memphis,  Tenn,,  which  was  retained  for  the  work  in  May,  1913.  Mr. 
Arthur  E.  Morgan,  of  this  firm,  has  given  the  work  his  personal  attention 
most  of  the  time  since,  and  has  been  advised  therein  by  a  consulting  board, 
consisting  of  John  W.  Alvord,  of  the  engineering  firm  of  Alvord  and  Bur- 
dick,  Chicago,  Daniel  W.  Mead,  Professor  oi  Hydraulic  Engineering,  Uni- 
versity of  Wisconsin,  and  S.  M.  Woodv/ard,  Professor  of  Hydraulics,  of 
the  State  University  of  Iowa,  Iowa  City,  Iowa.  Under  this  organization  an 
immense  amount  of  work  has  been  accomplished,  including  surveys  of  nearly 
the  entire  flood  plain  of  the  main  stream,  surveys  of  seven  reservoir  sites 
on  the  main  stream  and  tributaries,  investigations,  including  estimates  of 
cost,  of  the  practicability  of  channel  enlargement,  and  of  flood  control 
through  the  agency  of  reservoirs,  and  an  exhaustive  study  of  the  storm  of 
1913  and  researches  as  to  other  forms  and  the  liability  of  the  recurrence. 

Conservancy  Act — The  most  important  single  result  accomplished  to 
date  is  the  passage  by  the  Ohio  State  Legislature  of  the  Conservancy  Law 
of  Ohio,  designed  to  provide  the  legal  machinery  for  carrying  projects  of 
flood  protection  into  effect.  The  act  was  signed  February  17,  1914,  and  on 
the  following  day  the  petition  required  by  law,  as  a  preliminary  for  the  or- 
ganization of  districts  thereunder,  was  duly  filed  with  the  Court  of  Com- 
mon Pleas,  of  Montgomery  County,  asking  lor  the  formation  of  a  Conserv- 
ancy District  for  the  control  of  floods  in  the  Great  Miami  Valley.  The  date 
for  the  hearing  upon  the  petition  required  by  the  law  was  set  for  March 
20,  1914. 
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Special  Board  of  Consultiiig  Engineers — To  assist  the  petitioners  in 
presenting  their  case  at  the  hearing  before  the  Common  Pleas  Court,  as 
well  as  to  pass  upon  the  sufficiency  of  the  plans  of  flood  control  so  far  de- 
veloped, a  special  board  of  consulting  engineers  was  summoned  by  the 
Flood  Prevention  Committee  to  meet  in  Dayton  about  ten  days  prior  to  the 
hearing,  with  the  expectation  that  the  members  would  remain  throughout 
the  hearing  and  give  testimony  before  the  court. 

Examination  of  Local  Data — The  special  board  began  its  work  by  visit- 
ing all  the  more  important  points  in  the  Miami  drainage  basin,  which  are 
in  any  way  brought  into  this  flood  investigation.  These  trips  included 
visits  to  the  several  reservoir  sites  proposed,  inspection  of  flood  effects  in 
Dayton  and  Hamilton,  and  a  general  view  of  the  valley  from  Hamilton  to 
the  headwaters  of  the  main  stream  and  some  of  its  principal  tributaries. 
During  the  progress  of  these  examinations,  and  since,  the  mass  of  data  as- 
sembled by  the  Morgan  Engineering  Company  has  been  critically  examined 
and  further  light  sought  on  all  doubtful  points. 

Reliability  of  Data — It  may  be  stated  at  this  point  that  careful  investi- 
gation convinces  the  board  of  the  general  reliability  of  the  data  presented. 
The  Morgan  Engineering  Company  has  prosecuted  its  difficult  task  with  a 
degree  of  intelligence  and  honesty  of  purpose  that  gives  confidence  in  the 
general  accuracy  of  its  work.  The  necessity  of  preparation  on  many  details 
at  an  earlier  period  than  was  anticipated  at  this  stage  of  the  proceedings 
has  led  to  some  work  which  has  not  yet  been  carefully  rechecked,  and  the 
detailed  plans  of  the  reservoir  scheme  cannot  be  completed  for  some  time 
to  come.  These  matters,  however,  all  pertain  to  the  official  plan  to  be 
adopted  after  the  district  is  organized.  The  board  considers  the  data  avail- 
able at  the  present  time  sufficiently  comprehensive  to  determine  the  ques- 
tion of  the  necessity  and  practicability  of  the  proposed  scheme  of  flood  con- 
trol and  the  advisability  of  forming  a  conservancy  district  for  carrying  it 
into  effect. 


REMEDIAL  MEASURES 

Intensity  of  Flood  Flows  to  be  Provided  For — In  considering  plans  for 
the  prevention  of  future  flood  disasters  in  the  Miami  Valley,  the  question 
arises  as  to  whether  it  will  be  sufficient  to  provide  for  a  flood  like  that  of 
1913.  or  whether  provision  should  be  made  for  a  still  greater  flood.  So  far 
as  existing  records  go,  there  ha?  never  been  in  the  valley  an  overflow  equal 
to  that  of  1913.  It  is  possible  that  the  quantity  of  water  which  passed  down 
in  the  flood  of  1805  was  equal  to  that  of  1913,  but  the  bottoms  being  unob- 
structed by  artificial  works  may  have  carried  it  without  so  great  an  over- 
flow. The  information  available  is  not  sufficient  to  decide  this  point.  The 
flood  of  1866,  though  a  very  great  flood,  was  clearly  of  smaller  magnitude 
than  that  of  1913.  In  studying  the  record  of  storms  which  have  occurred  in 
the  Ohio  basin,  it  appears  that  at  least  one  storm — that  of  October,  1910,  in 
eastern  Missouri,  western  Kentucky,  and  southern  Illinois —  exceeded  that 
of  1913  in  intensity  and  the  area  of  territory  covered.  If  that  storm  had 
fallen  upon  the  watershed  of  the  Miami  River  it  might  possibly  have  pro- 
duced a  greater  flood  than  that  of  1913,  though  the  season  of  the  year  would 
have  been  favorable  to  a  considerable  storage  as  ground  water.    The  board 
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considers  it  within  the  limits  of  probability  that  a  flood  as  great  as  that  of 
1913,  or  even  greater,  may  at  any  time  occur  in  this  valley,  and  recommends 
that  protection  works  provide  for  a  material  factor  of  safety  over  the  recent 
flood. 

Sii£Eiciency  of  Data — Before  taking  up  the  specific  consideration  of  pos- 
sible plans  for  relief,  a  brief  statement  may  here  be  given  of  the  sufficiency 
of  the  data  furnished  by  the  Morgan  Engineering  Company  relating  to  flood 
flows  and  other  elements  of  the  general  problem. 

Surveys — The  Morgan  Engineering  Company  has  made  surveys  of  the 
Miami  Valley  from  the  Port  Jefferson  Reservoir  to  the  Butler  County  line, 
and  of  the  valleys  of  Wolf  Creek,  Mad  River,  Stillwater  River,  Loramie 
Creek,  Twin  Creek,  and  numerous  small  tributaries;  these  surveys  covering 
the  flooded  areas  and  also,  in  more  detail,  the  sites  chosen  for  the  detention 
basins.  These  surveys  have  been  made  by  approved  and  customary  meth- 
ods and  in  a  way  to  eliminate  significant  inaccuracies  by  frequent  checks  on 
a  control  line  of  U.  S.  Government  bench  marks,  at  intervals  of  from  two  to 
five  miles,  and  by  independent  survey  lines.  We  have  examined,  in  consider- 
able detail,  these  data  and  are  of  the  opinion  that  they  are  reliable  and  de- 
pendable for  the  purpose  intended. 

Flood  Measurements — The  volumes  of  flood  flow,  during  the  flood  of 
March  23  to  27,  1913,  have  been  computed  by  carefully  ascertaining  the  ele- 
vations of  numerous  well  defined  high  water  marks  in  various  parts  of  the 
valley,  and  then  determining  the  flow  past  any  given  point  by  ascertaining, 
by  well  known  and  recognized  formulae,  the  velocity  corresponding  to  that 
slope  through  a  cross  section  having  the  hydraulic  properties  there  existing. 

Several  of  the  flows  have  been  checked  independently  by  calculating  the 
flow  through  bridge  openings,  or  contracted  waterways.  All  estimates  of 
flow  have  been  checked  by  different  computers  and  the  close  correspondence 
between  the  flows  obtained  by  these  two  independent  methods  is  a  substan- 
tial check  on  their  accuracy. 

In  this  connection,  we  recommend  that  current  meter  gagings  be  con- 
tinued for  a  long  period  at  several  points  on  the  main  stream  and  its  tribu- 
taries until  reliable  rating  curves  are  secured  through  all  stages  ordinarily 
reached  by  these  streams. 

Borings — Borings  have  been  sunk  at  some  of  the  damsites,  but  not  in 
such  a  way  as  to  permit  satisfactory  samples  of  the  subsoil  to  be  collected.- 
A  method  should  be  devised  that  will  give  samples  of  the  subsoil  as  nat- 
urally occurring  and  a  sufficient  number  of  borings  should  be  made  to  show 
the  character  of  the  soil,  both  at  the  damsites  and  at  the  proposed  borrow 
pits. 

Capacities  of  Detention  Basins — The  capacities  of  the  proposed  deten- 
tion basins  have  been  calculated  from  the  maps  of  the  U.  S.  Geological  Sur- 
vey, checked,  roughly,  by  actual  cross  sections  of  the  valleys  at  intervals  of 
about  two  miles;  one  of  the  basins  has  been  completely  surveyed,  and 
checked  closely  with  the  estimated  capacity  determined  as  above.  Further 
detailed  surveys  are  in  progress  covering  all  of  the  basins. 

Meteorological  Data — The  data  that  has  been  collected  and  tabluated 
by  the  Morgan  Engineering  Company  and  presented  to  us  for  consideration 
are  the  best  obtainable  at  this  time.  We  consider  it  desirable  that  an  ade- 
quate number  of  stations  be  maintained,  and  that  several  of  these  be  equip- 
ped with  automatic  recording  instruments. 
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POSSIBLE  PLANS  FOR  RELIEF 

Usual  Measures  of  Flood  Prevention — The  board  will  no  more  than 
refer  to  those  obvious  measures  of  protection,  such  as  flood  warnings  and 
police  measures  designed  to  protect  life  and  remove  property  from  the  path- 
way of  a  flood  when  its  occurrences  seem  imminent.  These  are  not  matters 
that  fall  within  the  province  of  the  present  investigation,  although  they  are 
themselves  of  the  very  highest  importance.  The  following  discussion  will 
be  confined  to  such  measures  only  as  are  necessary  for  the  prevention  of 
overflows  from  great  floods.  There  are  two  general  methods,  distinct  in 
principle  from  each  other,  by  which  the  result  can  be  accomplished. 

The  first  is  by  the  enlargement  of  channel  cross  sections  by  dredging, 
deepening,  widening,  and  the  removal  of  obstructions  or  the  construction  of 
levees.  Enlargement  by  excavation  will  not  be  permanent,  and  it  some- 
times happens  that  the  course  of  development  on  the  banks  of  streams 
makes  the  efficient  use  of  levees  impracticable,  owing  to  the  necessary 
changes  of  grades,  bridges,  etc.,  and  the  difficulty  of  handling  sewage  and 
the  tributaries.  These  drawbacks  may  be  of  such  magnitude  as  to  compel  a 
resort  to  the  second  method  of  flood  control,  namely,  by  works  designed  to 
restrain  the  flow  of  the  streams  for  a  period  after  the  storm  has  fallen  upon 
the  watershed. 

This  is  the  "reservoir"  system  of  control  of  floods.  It  is  not  a  new  sys- 
tem, though  comparatively  few  reservoirs  have  been  built  for  the  exclusive 
purpose  of  flood  protection.  In  principle  the  system  is  ideal,  because  it 
means  the  detention,  or  holding  back,  of  the  excessive  flow  of  the  streams, 
and  letting  the  waters  out  gradually.  The  great  advantages  of  this  method 
are  frequently  offset  by  the  difficulty  of  finding  suitable  sites  within  reason- 
able cost.  The  necessity  of  flooding  villages,  farms,  highways,  and  railroads 
may  make  the  best  of  reservoir  sites  impracticable  of  utilization.  It  thus 
results  that  neither  of  the  methods  above  outlined  is  of  universal  applica- 
tion. Each  has  its  advantages,  and  each  may  be  exclusively  employed  in  a 
situation  adapted  to  its  use. 

Channel  Enlargement  by  Deepening  and  Widening — Coming  to  a  spe- 
cific consideration  of  the  first  method  of  control,  namely,  by  channel  en- 
largement, it  may  be  stated  that,  in  the  problem  here  under  consideration, 
.it  is  the  opinion  of  the  board  that  this  method  is  impracticable.  Aside  from 
its  excessive  cost,  the  method  itself  is  defective.  It  is  calling  upon  the  river 
to  maintain  a  channel  of  regular  dimensions,  while  the  nature  and  tendency 
of  the  stream  are  just  the  reverse.  The  Miami  River,  like  all  rivers,  consists 
of  a  series  of  pools  and  bars.  Remove  the  bars  by  excavation,  and  the  river 
immediately  sets  at  work  to  restore  them.  Excavate  the  channel  below  the 
mouths  of  the  tributaries,  and  these  streams  immediately  begin  to  cut  back 
their  beds  until  natural  slopes  are  restored,  pouring  into  the  river  during 
this  process  a  large  amount  of  channel-choking  material.  The  size  of  the 
channel  to  carry  safely  a  flood  volume  like  that  of  1913  would  be  many 
times  its  present  cross  section.  *  *  *  *  While  it  would  be  physically 
possible  to  dig  such  a  channel,  it  would  not  even  then  give  permanent  flood 
control.  The  high  velocities  of  even  a  moderate  flood  might  readily  throw 
up  barriers  of  gravel  and  rock,  as  was  done  in  the  recent  flood,  in  which  case 
the  channel  capacity  would  be  greatly  reduced,  if  not  obliterated.  The 
tendency  would  continually  be  toward  a  return  to  its  original  condition,  and 
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its  maintenance  would  require  constant  work.  It  is  practically  certain  that 
if  the  channel  were  once  enlarged  and  then  left  to  itself  for  a  few  years,  it 
would  not  be  in  condition  to  do  the  work  expected  of  it  during  time  of  flood. 
The  lining  of  the  bed  with  concrete  or  stone  would  be  an  undertaking  too 
great  to  deserve  serious  consideration.  Then  there  is  the  cost  of  mainten- 
ance, which,  though  indeterminate  in  amount,  would  surely  be  very  great. 

Channel  Enlargement  by  Levees — As  to  the  use  of  levees,  the  situation 
prohibits  any  extensive  increase  in  their  present  height.  It  might  be  pos- 
sible to  raise  the  levees  with  a  limited  amount  of  widening  of  the  river  chan- 
nel so  that  the  stream  would  carry  a  flood  like  that  of  1913,  but  they  would 
have  to  be  raised  to  such  a  height  as  to  require  a  complete  change  of  grade 
of  railroads  and  cause  steep  gradients  of  approach  at  the  several  street 
crossings,  together  with  a  reconstruction  of  the  bridges  on  the  river.  There 
would  also  be  the  problem  of  disposing  of  sewage  during  periods  of  high 
water,  and  of  leveeing  the  tributaries  back  from  the  main  stream  to  high 
ground.  In  cities  where  the  banks  of  the  river  are  already  fully  occupied 
and  solidly  built  up  on  both  sides,  the  necessary  changes  involved  in  a  levee 
system  make  the  cost  of  that  system  prohibitory. 

While  it  is  perhaps  possible  for  an  individual  community  to  protect 
itself  by  means  of  channel  improvement  and  levees,  the  initial  cost  and 
maintenance  of  such  flood  protection  might  far  exceed  the  expense  of  pro- 
tecting the  entire  Miami  Valley  by  means  of  detention  basins.  Taking  all 
into  consideration,  however,  it  is  the  conclusion  of  the  board  that  channel 
enlargement,  applied  generally  to  the  Miami  River,  is  not  a  practical  method 
of  affording  full  protection  from  a  flood  like  that  of  1913  throughout  the 
Miami  Valley. 

Detention  Basins — The  control  of  the  Miami  floods  through  any  form 
of  channel  enlargement  being  thus  accepted  as  impracticable,  there  remains 
the  second  principle  of  flood  control  to  be  considered,  namely,  that  by  use 
of  detention  basins.  As  already  stated,  this  system  of  control  is  ideal,  and 
were  it  not  for  the  difficulty  and  expense  of  securing  the  necessary  sites,  it 
would  undoubtedly  find  far  wider  application.  It  is  the  only  method  that 
promises  general  relief  to  the  Miami  Valley,  and,  unless  it  can  be  applied 
there,  it  will  be  necessary  to  accept  the  view  that,  although  certain  to  occur, 
no  adequate  means  of  protection  from  future  calamitous  floods  appears  to  be 
available. 

Sites  Considered  Eligible — A  sufficient  number  of  practicable  basin  sites 
has  been  found  in  the  Miami  Valley  and  its  tributaries.  Two  of  these  sites 
are  on  the  main  stream,  namely,  at  Port  Jeff'erson  and  Taylorsville;  two  on 
the  principal  eastern  tributary — Mad  River;  one  on  the  principal  western 
tributary — Stillwater  River;  one  on  Loramie  Creek,  and  one  on  Twin  Creek. 

Earth  Dam  Construction — The  board  favors  the  use  of  earth  dams  for 
making  the  detention  basins,  as  those  are  best  suited  to  the  topographical 
and  geological  formations. 

Outlets  Permanently  Open— The  outlets  of  the  basins  will  be  perman- 
ently open  and  will  be  of  such  capacity  that  the  ordinary  flow  will  pass 
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without  any  accumulation  behind  the  dams;  but  in  time  of  high  water  the 
surplus,  after  the  discharge  reaches  a  certain  stage,  will  be  detained  in  the 
basins,  and  the  outflow  will  be  regulated  to  an  amount  that  can  be  safely 
carried  away.    ***** 

Safety — Inasmuch  as  a  sense  of  insecurity  is  often  felt  by  those  who 
live  in  valleys  below  great  dams,  the  board  takes  this  occasion  to  express 
its  opinion  that  these  proposed  dams  will  be  made  perfectly  safe  by  follow- 
ing the  established  rules  of  engineering  experience  in  their  construction. 

The  System  in  Operation — The  operation  of  the  detention  basin  system 
has  been  worked  out  with  considerable  care  and  checked  by  several  mem- 
bers of  the  board,  both  in  its  application  to  the  flood  of  1913  and,  in  an 
approximate  manner,  to  one  about  twenty  per  cent  greater. 

********** 

The  designs  of  the  structures  have  not  yet  been  fully  worked  out,  and 
modifications  will  probably  be  necessary— even  to  the  extent  of  changes  in 
location  and  height  of  spillway;  but  enough  has  been  determined  to  show 
quite  conclusively  that  the  system  admits  of  effective  application  on  this 
watershed,  and  that  it  will  furnish  a  satisfactory  solution  of  the  Miami  flood 
problem.  Before  the  official  plan  is  adopted,  in  accordance  with  the  terms 
of  the  Conservancy  Act,  all  these  details  of  construction,  cost,  and  opera- 
tion will  be  worked  out  with  the  greatest  care. 

Supplemental  Channel  Improvement — An  examination  of  the  Miami 
River  shows  that  at  certain  points,  even  with  the  proposed  basin  control, 
there  will  be  a  deficiency  in  channel  capacity  to  carry  the  out-flow  from  the 
basins,  together  with  the  runoff  from  the  unreservoired  areas.  It  is  be- 
lieved to  be  thoroughly  practicable  to  secure  such  required  additional  ca- 
pacity, by  means  of  channel  enlargement  and  levees  at  selected  points  along 
most  of  the  main  stream  and  up  the  more  important  tributaries.  No  de- 
tailed information  is  at  present  available  to  permit  of  definite  location  or 
extent  of  such  work,  or  designs  and  estimates  of  costs. 


The  board  is  of  the  opinion: 

1. — ^That  floods  as  great  as  that  of  1913,  and  even  greater,  are  liable  to 
occur  at  any  time,  and  preventive  measures  should  be  carried  out  which  will 
control  floods  about  twenty  per  cent  greater  than  that  of  1913. 

2. — ^That  permanent  flood  protection  for  the  Miami  Valley  by  means  of 
channel  enlargement  alone  is  impracticable. 

3. — That  detention  basins,  supplemented  by  limited  channel  improve- 
ment  do  offer  a  satisfactory  solution  of  the  problem. 

4. — ^That  the  success  of  such  a  plan  for  flood  control  requires  that  the 
flooded  area  of  the  Miami  Valley  above  the  Whitewater  River  be  considered 
as  a  unit. 

5. — ^That  works  of  the  type  suggested,  properly  designed,  located,  and 
constructed,  will  not  only  provide  satisfactory  and  economical  protection 
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from  floods,  but  they  will  be  so  massive  and  substantial  as  to  fully  justify 
confidence  in  their  integrity  and  satisfy  every  reasonable  question  of  sta- 
bility. 

Respectfully  submitted, 

O.    H.    Ernst, 
J.  A.  Ockerson, 
H.    M.    Chittenden, 
T.  W.  Jaycox, 
J.  H.  Fuertes, 
W.  A.  O'Brien, 
Chas-  H.  Miller, 
Morris  Knowles. 


REPORT  OF  DAYTON  FLOOD  PREVENTION 

COMMITTEE 

A  brief  resume  of  the  work  done  under  the  administration  of  the 
Dayton  Flood  Prevention  Committee  up  to  September,  1914,  was 
given  in  a  report  by  this  committee  dated  September  23,  1914,  here 
printed  in  full.  It  was  accompanied  by  a  report  by  their  attorneys 
and  counsel,  also  here  given,  and  by  a  progress  report  by  the  Mor- 
gan Engineering  Company.  The  engineering  report  is  omitted,  as 
its  substance  is  presented  elsewhere  in  detail. 

To  the  Subscribers  to  the  Flood  Prevention  Fund: 

The  Flood  Prevention  Committee  takes  this  occasion  to  inform  the 
subscribers  to  the  Flood  Prevention  Fund  of  the  progress  which  has  been 
made  to  date  towards  securing  safety  for  Dayton  and  the  Miami  Valley 
from  a  recurrence  of  disastrous  floods. 

ORGANIZATION 

Upon  the  raising  of  the  fund  the  first  necessity  was  adequately  to  safe- 
guard it,  and  to  provide  an  organized  method  for  vigorous  prosecution  of 
the  flood  prevention  work.  To  this  end  The  Dayton  Citizens'  Relief  Com- 
mission was  organized,  its  membership  consisting  of  the  subscribers  to  the 
fund,  and  its  affairs  placed  in  the  hands  of  two  committees.  The  Flood 
Prevention  Committee,  which  was  a  continuation  of  the  committee  under 
whose  direction  a  Flood  Prevention  Fund  was  subscribed,  was  to  have 
charge  of  plans  for  flood  prevention.  The  Finance  Committee  undertook 
the  responsibility  of  auditing  all  accounts  after  these  accounts  had  been 
passed  upon  by  the  Flood  Prevention  Committee.  The  funds  collected 
have  been  placed  on  interest  in  Dayton  banks,  fully  protected  by  suitable 
bonds. 

The  Dayton  Citizens'  Relief  Commission  is  organized  under  the  laws  of 
Ohio  as  "a  corporation  not  for  profit".  Through  its  Flood  Prevention  Com- 
mittee it  has  sought  the  cooperation  of  similar  bodies  in  other  parts  of  the 
flood-stricken  districts  of  the  valley. 
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TEMPORARY  PROTECTION  TO  DAYTON 

The  first  work  undertaken  by  the  Flood  Prevention  Committee  was  a 
survey  of  river  conditions  existing  during  May  and  June  of  last  year,  and 
the  preparation  of  temporary  plans  for  the  protection  of  Dayton  until  such 
time  as  permanent  works  can  be  built.  In  cooperation  with  the  city  and 
county  governments  and  various  railroads,  plaiis  were  prepared  for  the 
strengthening  of  the  city's  defenses  against  high  water.  Repairs  and  im- 
provements according  to  these  plans  have  been  completed  to  a  point  where 
the  city  is  now  better  prepared  to  resist  high  water  than  ever  before  in  its 
history. 

DETERMINATION  OF  VARIOUS  METHODS 

Very  soon  after  the  flood  the  city  secured  the  services  of  the  Morgan 
Engineering  Company  to  make  a  complete  examination  of  flood  conditions 
in  the  valley  and  of  the  cause  of  the  flood  damage.  They  were  instructed 
to  make  such  surveys  and  investigations  as  were  necessary  to  determine  all 
possible  methods  of  securing  Dayton  and  the  rest  of  the  Miami  Valley 
against  a  recurrence  of  the  damage  such  as  occurred  from  the  flood  of  last 
year,  and  to  recommend  the  best  method  of  procedure. 

A  large  force  of  engineers  and  surveyors  was  at  once  put  into  the  field 
and  many  months  of  continuous  work  was  done  in  determining  the  char- 
acter and  cost  of  all  possible  methods  of  flood  prevention.  The  conclusions 
of  the  Morgan  Engineering  Company  and  their  consulting  engineers  re- 
porting on  the  various  possible  methods  of  improvement  and  recommending 
a  system  of  reservoir  control  was  presented  to  the  committee  last  winter. 

After  further  submitting  the  report  to  the  regular  board  of  consulting 
engineers  for  final  consideration,  it  was  adopted  by  the  Flood  Prevention 
Committee  as  representing  the  most  desirable  plan  of  protection.  In  order, 
however,  to  remove  any  possibility  for  doubt  and  to  give  the  people  of  the 
valley  full  assurance  that  the  plan  had  received  mature  consideration,  the 
Flood  Prevention  Committee  requested  the  Secretary  of  War  and  the  Chief 
of  Engineers  of  the  United  States  Army  to  designate  a  Board  of  Army 
Engineers  to  make  a  further  examination  of  these  plans.  Such  an  examina- 
tion proved  not  feasible  because  of  the  legal  limitations  of  the  War  Depart- 
ment. The  committee  then  secured  the  services  of  a  board  consisting  of 
distinguished  engineers,  several  of  whom  had  held  positions  of  high  respon- 
sibility as  United  States  Army  Engineers,  and  others  of  whom  had  been  in 
responsible  charge  of  some  of  the  foremost  engineering  works  of  the  coun- 
try. This  board,  after  a  thorough  and  painstaking  examination  of  the 
plans,  approved  the  reservoir  control  method  already  presented  to  the  com- 
mittee, and  reported  further  that,  as  com.pared  with  this  method,  a  system 
of  channel  improvement  for  the  Miami  Valley  as  a  whole  would  cost  prob- 
ably five  times  as  much  and  would  be  less  satisfactory. 

On  completion  of  the  services  by  the  Morgan  Engineering  Company 
for  which  they  were  originally  secured,  that  of  determining  the  best  method 
for  flood  prevention  for  the  valley-,  and  after  these  conclusions  had  been 
verified  by  the  consulting  engineers,  the  Flood  Prevention  Committee  de- 
cided to  retain  the  services  of  the  Morgan  Engineering  Company  for  the 
further  work  of  preparing  the  detailed  plan  for  flood  prevention.  All  pos- 
sible progress  which  is  consistent  with  absolute  thoroughness  is  being  made 
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in  the  preparation  of  these  plans,  with  the  hope  that  they  will  be  completed 
by  ihe  time  the  progress  of  legal  proceedings  makes  construction  possible. 
A  more  detailed  statement  oi  the  work  being  done  by  the  Engineering 
Company  is  included  in  their  report.     ♦     •     *     • 

LEGISLATION 
When  it  became  apparent  that  the  best  results  could  be  secured  by  the 
cooperation  of  various  parts  of  the  valley,  your  committee  investigated  the 
existing  laws  of  the  state  to  determine  whether  flood  prevention  works  on 
a  large  scale  could  be  carried  out  under  the  laws  then  on  the  statute  books. 
It  was  found  that  great  cooperative  undertakings  for  Hood  prevention  never 
had  been  contemplated  by  the  law-makers  of  the  state,  and  that  before  con- 
struction could  proceed  new  legislation  would  be  necessary.  The  committee, 
therefore,  addressed  itself  to  the  preparation  of  a  bill  which  not  only  would 
make  works  of  flood  prevention  possible  in  this  valley,  bul  would  serve  a 
similar  purpose  in  all  other  part.i  of  the  state.     Hearty  cooperation  in  the 


FIG.  15.— SITE  OF  $10,000  HOME  NEAR  CLEVE5,  OHIO. 
View  taken  on  the  Barrows  farm  during  the  flood  of  March.  1913. 

preparation  of  the  bill  was  offered  by  many  other  flood-Stricken  districts, 
and  the  law  as  finally  drafted  covers  not  only  the  conditions  existing  in  the 
Miami  Valley,  but  also  provides  legislative  machinery  for  handling  flood 
problems  and  other  problems  of  water  control  in  all  parts  of  the  state.  A 
more  detailed  statement  of  the  legal  situation  is  made  in  the  report  of  the 
attorneys  of  the  committee.     >     *     +     * 

ORGANIZATION  OF  THE  DISTRICT 

Upon  the  enactment  of  the  Conservancy  Law,  as  the  Flood  Prevention 
Legislation  has  been  entitled,  immediate  steps  were  taken  toward  carrying 
out  its  provisions  by  ihe  organization  of  a  conservancy  district,  including 
all  lands  in  the  Miami  Valley  damaged  by  floods. 
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LEGAL  STATUS 

Everything  possible  has  been  done  to  shorten  the  time  during  which 
the  cities  of  the  valley  shall  remain  unprotected  from  floods,  and  con^der- 
ing  the  delays  which  can  be  and  have  been  interposed  by  objectors  before 
new  legislation  can  become  effective,  the  committee  feels  that  very  good 
progress  has  been  made  to  date.  The  matter  of  the  constitutionality  of  the 
conservancy  act  is  now  before  the  supreme  court  of  the  state.  The  case  has 
been  advanced  and  a  decision  should  be  reached  by  the  end  of  the  year. 

ENGINEERING 

The  plans  recommended  by  the  Flood  Prevention  Committee  for  pre- 
venting floods  in  the  Miami  Valley  consist  of  a  system  of  seven  storage 
reservoirs  formed  by  the  construction  of  dams,  and  a  limited  amount  of 
channel  improvement  through  the  cities  and  perhaps  through  the  farm  lands. 
The  design  and  construction  of  each  one  of  these  dams  will  be  an  important 
engineering  undertaking  in  itself.  When  we  consider  the  entire  system,  we 
have,  from  an  engineering  standpoint,  one  of  the  great  undertakings  of  our 
time.  Where  so  much  is  at  stake  the  work  must  be  done  with  a  degree  of 
thoroughness  and  safety  that  it  is  not  ordinarily  secured  in  engineering  and 
constructions.  The  dams  must  be  thicker  and  stronger,  the  spillways  must 
be  larger,  and  the  tunnels  more  substantial  than  is  usually  secured  in  similar 
works. 

The  safety  of  engineering  works  depends  not  only  upon  the  cost  or  the 
amount  of  material  used  in  construction,  but  upon  the  thoroughness  and 
care  with  which  every  detail  is  designed  and  every  point  of  weakness  elim- 
inated As  the  Flood  Prevention  Committee  has  kept  in  touch  with  the 
preparation  of  the  plans,  its  members  have  become  more  and  more  deeply 
impressed  with  the  fact  that  we  have  here  a  great  engineering  problem  con- 
sisting of  very  many  details,  each  in  itself  justifying  the  most  thorough 
preparation.  The  committee  has  taken  upon  itself  the  responsibility  of 
seeing  that  there  shall  be  no  relaxation  of  determination  to  secure  absolute 
thoroughness  of  preparation  before  construction  begins. 

The  members  of  the  committee  realize  the  great  amount  of  work  on  the 
part  of  the  engineering  force  which  this  entails,  and,  if  the  committee  errs, 
it  will  be  upon  the  side  of  caution,  insisting  that  no  details  shall  be  passed 
until  the  accuracy  and  thoroughness  of  their  design  are  unquestionable. 
The  works  being  planned  are  not  to  endure  fifty  or  a  hundred  years,  but 
must  stand  for  all  time  as  the  security  of  this  valley  against  a  recurrence  of 
the  disaster  of  last  year.  Given  thoroughness  and  integrity  in  design  and  in 
construction,  the  people  of  the  Miami  Valley  can  know  that  their  protection 
is  complete  and  sure. 

THE  COMING  WINTER 

As  winter  approaches,  the  committee  is  giving  renewed  attention  to 
the  system  of  flood  warnings  initiated  by  the  United  States  Weather  Bu- 
reau, and  is  having  its  engineers  make  another  thorough  examination  of  the 
conditions  about  the  Miami  River  and  its  tributaries  which  would  affect  the 
safety  of  the  city  in  time  of  flood.  Any  weak  spots  which  are  found  in  the 
present  system  of  flood  protection  will  be  immediately  corrected. 
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COMPLETE  REPORT  TO  FOLLOW 

This  brief  statement  of  the  situation  to  date  is  made  in  order  that  the 
subscribers  to  the  Flood  Prevention  Fund  and  the  people  of  the  Miami 
Valley  may  know  that  there  has  been  no  relaxation  in  the  effort  to  bring 
safety  to  the  valley.  A  complete  report  is  being  prepared,  and  will  be  issued 
as  soon  as  completed. 

The  committee  wishes  to  thank  the  subscribers  to  the  Flood  Preven- 
tion Fund  and  the  people  of  Dayton  for  their  whole-hearted  support  up  to 
the  present  time.  The  importance  of  the  Flood  Prevention  Fund  can  be 
appreciated  from  the  fact  that  work  heretofore  undertaken  would  have  been 
impossible  without  such  assistance,  and  it  is  only  through  the  existence  of 
this  fund  that  it  has  been  possible  to  approach  the  matter  in  such  a  thor- 
ough-going manner  as  to  secure  ultimate  and  complete  success.     ♦     ♦     ♦     * 

In  view  of  the  disturbed  financial  situation  caused  by  the  European  war, 
the  existence  of  the  Flood  Prevention  Fund  will  be  particularly  fortunate, 
as  it  will  make  possible  the  undertaking  of  construction  without  waiting  for 
the  settlement  of  hnancial  conditions  or  the  alternative  of  disposing  ot  se- 
curities in  a  depressed  market.  The  continued  support  of  the  subscribers 
to  the  fund  is  imperative  if  the  final  aim  of  gaining  the  security  of  the  valley 
is  to  be  quickly  realized. 

Respectfully  submitted, 

The  Dayton  Flood  Prevention  Committee. 

■  « 

REPORT  OF  ATTORNEYS  AND  COUNSEL 

September  22,  1914. 
To  the  Flood  Prevention  Committee. 

Gentlemen: 

The  matter  of  preparing  a  proper  bill  to  present  to  the  legislature  for 
protection  against  floods  was  submitted  formally  to  counsel  about  the  eighth 
of  November,  1913.  A  tentative  law  was  presented  which  had  been  prepared 
by  Mr.  Morgan,  whose  wide  experience  in  the  litigation,  as  well  as  the 
preparation  of  plans  for  controlling  water,  qualified  him  for  this  work. 

Counsel,  with  this  law  as  a  basis,  began  the  work  of  constructing  a 
statute  which  they  believed  would  accomplish  protection,  be  fair  to  all 
parties,  and  be  within  the  power  of  the  legislature.  They  gave  much  time 
to  the  examination  of  the  laws  of  other  states,  the  decision  of  courts  under 
them,  and  to  the  laws  and  decisions  of  our  own  courts.  They  were  assisted 
by  the  criticism  of  Honorable  John  M.  Dillon,  of  New  York  City,  now  de- 
ceased, and  Judge  Horace  S.  Oakley,  of  Chicago,  experts  in  this  line  of  work, 
and  legal  representatives  of  large  bonding  houses,  to  whom  the  bonds 
would  probably  be  offered,  and  whose  opinion  would  be  of  great  value.  On 
examination,  both  of  these  gentlemen  gave  their  unqualified  approval  to  the 
law  as  drafted  and  passed. 

When  the  legislature  met  the  law  passed  both  houses,  with  some 
amendments,  chiefly  proposed  by  the  objectors,  which  were  accepted  by  the 
friends  of  the  bill.    Governor  Cox  gave  it  his  approval  February  17,  1914. 

In  order  to  lose  no  time  the  petition  for  the  formation  of  a  district  was 

\t  once,  viz:  on  February  18,  1914.     Petitions  were  filed  separately  for 

ind  owners,  the  cities  of  Dayton,  Hamilton,  and  Middletown,  the  vil- 
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lages  of  Franklin  and  Miamisburg,  and  the  counties  of  Montgomery,  Butler, 
and  Warren. 

Notices  were  given  under  the  statute  of  the  pendency  of  the  petitions, 
which  were  published  at  great  length  in  each  county  in  the  proposed  district. 

On  March  20,  1914,  the  full  court  convened.  On  the  same  day  one  of 
the  leading  objectors  applied  for  a  writ  of  prohibition  in  the  court  of  ap- 
peals to  prevent  the  court  of  common  pleas  from  acting.  This  was  heard 
and  decided  against  the  objectors.  On  March  21,  after  the  decision  of  the 
court  of  appeals,  the  persons  objecting  to  the  formation  of  the  district  se- 
cured from  the  court  of  common  pleas  a  delay  to  March  31. 

The  court  met  pursuant  to  adjournment  on  March  31.  At  this  time 
counsel  for  the  objectors  moved  for  another  delay,  as  one  of  the  judges  was 
unable  to  be  present  on  account  of  illness.    This  was  refused. 

The  case  then  proceeded.  A  large  number  of  objectors  appeared  in  the 
field.  About  500  individuals,  Shelby,  Miami,  and  Greene  Counties,  by  their 
county  commissioners,  and  the  cities  and  villages  of  Troy,  Sidney,  DeGraff, 
and  Fort  Loramie,  by  their  attorneys,  filed  objections. 

As  proceedings  in  the  courts  of  each  county  would  probably  be  insti- 
tuted, after  the  district  was  established,  for  the  condemnation  of  property, 
and  also  in  the  settlement  of  the  numerous  assessments  for  benefits  to  be 
made  under  the  law,  it  was  deemed  advisable  to  employ  at  once  counsel  in 
the  chief  counties  interested  so  as  to  allow  them  to  become  familiar  with 
the  working  and  scope  of  the  law,  and  accordingly  the  following  were  em- 
ployed by  the  committee,  with  the  approval  of  counsel: 

John  Galvin,  of  Cincinnati 

T.  J.*  Cogan,  of  Cincinnati 

E.  A.  Belden,  of  Hamilton 

B.  F.  Harwitz,  of  Middletown 

P.  H.  Rue,  of  Franklin 

Oscar   Sheppard,   of  West  Alexandria 

M.  A.  Broadstone,  of  Xenia 

Keifer  &  Keifer,  of  Springfield 

A.  J.  Hess,  of  Sidney. 

They  all  appeared  and  rendered  material  assistance  in  tlie  conservancy 
court,  and  in  the  court  of  appeals.  They  will  be  helpful  in  the  settlement  of 
matters  hereafter  out  of  court. 

When  the  court  met,  on  March  31,  the  cause  was  fully  argued  at  Me- 
morial Hall,  the  arguments  taking  four  days. 

The  judges  were  unable  to  agree  upon  the  establishment  of  the  district 
by  a  sufficient  vote,  viz:  6,  the  court  on  April  18  reporting  it  stood  5  for  the 
district  to  4  against. 

Counsel  for  the  petitioners  thereupon  suggested  to  the  court,  as  a  way 
out  of  the  deadlock,  that  the  petitions  should  be  dismissed,  so  as  to  admit 
of  an  appeal  at  once.  A  majority  of  the  court  accepted  this  suggestion,  and 
the  entry  of  dismissal  was  made  and  the  appeal  taken  on  April  23,  1914. 

Counsel  for  your  committee  had  always  been  of  the  opinion  that  it  was 
to  the  interest  of  the  cause,  and  almost  vital  to  it,  that  the  questions  in- 
volved, no  matter  how  unimportant,  should  be  passed  upon  by  the  supreme 
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court,  so  as  to  insure  the  sale  of  bonds  which  would  be  offered  to  the  public. 
Indeed,  they  had  a  plan  arranged  to  get  the  questions  into  the  supreme 
court,  if  the  objectors  did  not  take  this  case  up. 

The  court  of  appeals  acted  with  promptitude  in  hearing  the  case  at 
once,  as  the  law  directs. 

Objectors  moved  to  dismiss  the  appeal  for  various  technical  reasons. 
These  motions  were  heard  and  overruled  on  May  27,  1914.  On  June  3  the 
court,  by  a  unanimous  vote,  finally  decided  and  overruled  the  court  of  com- 
mon pleas,  ordered  the  judges  to  reinstate  and  hear  the  case,  and  proceed 
according  to  law. 

Every  substantial  point  arising  properly  at  this  time  in  the  case  was 
decided  in  favor  of  the  petitioners. 

The  objectors  having  under  the  law  70  days  to  file  a  petition  in  error  in 
the  supreme  court  took  time  to  determine  whether  they  would  proceed  fur- 
ther, and  finally,  on  August  3,  1914,  filed  their  petition  in  error.  We  entered 
the  appearance  of  the  petitioners  waiving  summons  in  error  in  order  to  save 
time. 

Under  the  law  and  practice  in  ordinary  cases  they  would  be  entitled  to 
three  months'  time  to  prepare  a  brief,  with  two  months'  time  thereafter  for 
a  reply  by  the  petitioners,  and  one  month  more  for  a  reply.  The  tfase  under 
these  rules  would  not  be  ready  for  submission  to  the  supreme  court  until 
February  3,  1915.  But  the  conservancy  law  makes  any  case  arising  under  it 
a  preferred  one  to  be  advanced  on  motion.  As  soon  as  the  court  met  at 
Columbus,  after  the  summer  recess,  viz:  on  Wednesday,  September  16,  1914, 
we  presented  a  motion  to  advance  the  case  and  to  fix  an  early  day  for  oral 
argument.  The  court  has  allowed  the  motion  to  advance,  and  announced, 
on  Tuesday,  September  22,  in  open  court,  that  the  case  would  be  heard  on 
November  12,  1914. 

In  order  not  to  delay  the  hearing,  counsel  have  spent  the  summer  in  the 

preparation  of  their  brief,  and  announced  in  open  court  at  Columbus  that  it 

was  now  ready  and  would  be  filed  as  soon  as  the  brief  for  the  objectors  was 

filed. 

Respectfully  submitted, 

BROWN   &   FRANK, 

Attorneys. 

J.  A.  McMAHON, 

Counsel. 

RESUME 

The  foregoing  reports,  though  all  of  a  preliminary  character, 
afford  a  fair  index  to  the  development  of  the  project.  They  show  a 
gradual  but  steady  progress  from  the  preliminary  investigations  of 
the  flood  problem  toward  the  working  out  of  a  definite  plan  for  per- 
manent protection  of  the  Miami  Valley.  The  studies  and  recom- 
mendations of  the  Morgan  Engineering  Company,  the  framing  and 
passing  of  the  conservancy  act,  the  opinions  of  the  regular  board  of 
consulting  engineers,  the  compilation  of  engineering  data  and  de- 
termination of  the  proposed  plan,  with  its  approval  by  the  special 
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board  of  consulting  engineers,  and  the  reports  of  the  Dayton  Flood 
Prevention  Committee  and  their  attorneys  were  all  important  steps 
and  were  all  given  wide  publicity.  It  was  felt  that  the  best  way  to 
secure  the  much  needed  cooperation  as  well  as  to  answer  and,  if  pos- 
sible, disarm  opposition  was  to  make  the  fullest  information  avail- 
able to  all  interested  parties. 

The  more  important  principal  conclusions  concerning  flood  con- 
trol in  the  Miami  Valley,  established  by  the  work  outlined  in  these 
reports  may  be  briefly  summarized  as  follows : 

1.  Floods  greater  than  that  of  1913  may  be  expected  to  occur. 

2.  The  cost  to  the  smaller  cities  and  towns  for  protecting  them- 
selves against  such  floods  would  be  prohibitive. 

3.  The  cost  to  the  larger  cities  of  providing  any  form  of  local 
protection  against  such  floods  would  be  excessive. 

4.  Permanent  protection  of  the  entire  valley  by  means  of  chan- 
nel improvement  alone  would  be  impracticable. 

5.  A  properly  constructed  system  of  retarding  basins  supple- 
mented by  channel  improvement  would  give  effective  control  of 
floods. 

6.  Such  control  could  be  secured  only  through  the  united  eftort 
of  the  intierests  affected. 

7.  New  legislation  would  be  required  to  make  possible  such 
united  effort. 


CHAPTER  III.— THE  CONSERVANCY  ACT 

AND  ORGANIZATION  OF  THE  MIAMI 

CONSERVANCY  DISTRICT 

NEED  FOR  STATE  LEGISLATION 

It  was  discovered  early  in  the  flood  prevention  movement  that 
Ohio  had  no  adequate  laws  under  which  to  carry  out  the  proposed 
plans.  The  local  flood  problem  at  Troy  presented  a  practical  illus- 
tration of  this.  Parts  of  the  city  were  frequently  flooded  by  hill 
water  from  the  west,  and  protection  against  this  flooding  would  re- 
quire the  construction  of  levees,  ditches,  sewers,  bridges,  etc.  The 
law  for  county  ditches  allowed  the  city  to  petition  the  county  for 
the  construction  of  ditches  and  to  pay  the  part  of  the  cost  assessed 
against  it.  Levees,  however,  could  not  be  built  under  this  law,  and 
the  law  providing  for  the  construction  of  levees  made  no  provision 
for  the  assessment  of  benefits  against  the  city ;  neither  did  the  ditch 
law  provide  for  the  construction  of  bridges  or  sewers.  Ditches 
could  be  constructed  under  one  act  which  had  a  certain  range  of 
provisions,  levees  could  be  constructed  under  another,  channels 
could  be  cleaned  under  still  another,  etc.  These  laws  had  been  con- 
ceived with  particular  problems  and  certain  local  requirements  in 
mind  and  were  entirely  lacking  in  the  broad,  comprehensive  pro- 
visions required  for  a  great  cooperative  undertaking  such  as  that 
proposed  for  protecting  the  Miami  Valley  from  floods.  They  failed 
to  provide  the  legal  machinery  for  organizing  the  many  interests 
needing  flood  protection  into  a  unity  of  action.  They  provided  no 
means  for  working  out  a  comprehensive  plan  for  the  improvement, 
for  safe-guarding  individual  and  collective  interests  and  rights,  and 
for  equitable  distribution  of  the  cost.  Nor  did  they  provide  author- 
ity for  enforcing  the  requirements  of  such  an  improvement. 

The  situation  at  Troy  reflected  in  a  way  the  imperative  necessity 
for  legislation  which  would  make  possible  the  construction  of 
works  for  the  control  of  floods ;  the  regulation  of  streams  for  drain- 
age, irrigation,  and  water  power  purposes ;  and  the  conservation  of 
other  public  assets  for  the  best  uses  of  the  people.  It  indicated 
definitely  that  the  plans  for  the  control  of  floods  in  the  Miami  Val- 
ley could  not  be  carried  out  under  the  existing  laws.  The  situation 
demanded  action ;  cities,  towns,  and  farm  lands  needed  protection 
from  destructive  floods ;  the  entire  valley  needed  and  wanted  a  pro- 
tection that  could  be  secured  only  by  a  cooperation  of  the  various 
communities  in  the  valley.     It  meant  concerted  action  of  parts  of 

62 


HISTORY  OF  MIAMI  FLOOD  CONTROL  PROJECT  63 

nine  or  ten  different  counties,  and  ot  a  dozen  or  more  cities  and 
towns.  Railroads  and  highways  must  be  changed;  bridges,  dams, 
ditches,  and  levees  constructed;  sewers  and  streets  readjusted.  To 
do  this,  city  and  country  lands  must  be  acquired  to  provide  right- 
of-way,  damages  must  be  paid  where  damage  was  incurred,  and  the 
cost  must  be  equitably  distributed  among  the  many  thousands  of 
individual  properties  that  would  be  benefited  by  the  improvement. 
There  was  the  additional  consideration  that  similar  problems  were 
needing  solution  elsewhere  in  the  state. 

DRAFTING  A  NEW  LAW 
While  the  flood  control  jilans  were  being  developed,  Mr.  Morgan 
collected  copies   of  existing  drainajjc  and   flood   control   laws  of 
various  states  and  European  countries,  and  assembled  such  other 


FIG.  16-— MARKET  STRF.ET  BRIUGE  AT  TROY. 
View  taken  during  ihe  flood  of  .March,  1913.     Note  the  dfhris  collected 
on  the  lower  chords. 

pertinent  data  as  was  available.  The  problem  of  prejiaring  a  law 
was  approached  from  the  engineer's  point  of  view.  Some  of  the 
requisites  to  be  secured  were : 

1. — There  must  be  wide  freedom  of  action  to  carry  out  any  type 
of  improvement,  and  to  do  any  reasonable  thing  which  should  be 
required  by  plans  for  flood  control. 

2. — Since  the  most  efficient  and  effective  agency  in  our  country 
today,  for  getting  things  done,  is  the  corporation,  such  improve- 
ments should  be  handled  under  corporate  forms  and  management. 
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3. — There  must  be  absence  of  politics. 

4. — A  flood  control  organization  must  have  governmental  pow- 
ers such  as  right  of  eminent  domain,  police  power,  taxing  power, 
etc. 

i. — The  law  must  harmonize  with  existing  governmental  ma- 
chinery. 

6. — It  must  make  possible  all  methods  of  cooperation  with  cor- 
porations, cities,  counties,  with  the  home  state  or  other  states,  and 
with  the  national  government. 

7. — It  must  be  fair  and  not  arbitrary. 

8. — It  should  provide  control  over  stream  obstructions  and  over 
the  ownership  and  use  of  water. 

9. — It  must  be  a  general  law,  suitable  to  any  situation,  and  so 
comprehensive  that  it  will  not  need  amendment  to  fit  some  other 
situation  that  may  arise  in  some  other  part  of  the  state. 

All  these  needs,  and  many  others,  were  covered  in  the  bill  that 
was  written.  American  and  European  water  control  laws  were 
carefully  examined  section  by  section  to  see  whether  some  situation 
elsewhere  had  developed  legal  provisions  which  might  apply  in 
Ohio.  In  October,  1913,  Mr.  Morgan  completed  a  tentative  draft 
to  form  the  basis  of  the  proposed  bill  and  submitted  it  to  Judge 
Brown,  attorney,  and  Mr.  McMahon,  legal  counsel,  with  these 
comments : 

In  developing  a  flood  prevention  law,  we  must  get  our  precedents  and 
our  legal  forms  from  drainage  laws.  These  first  came  into  existence  many 
years  ago  as  provisions  for  the  joint  construction  of  drains  affecting  more 
than  one  person,  and  have  gradually  developed  until  now  in  some  states 
they  provide  for  the  construction  of  works  costing  millions  of  dollars  and 
affecting  hundreds  of  thousands  of  acres.  The  attitude  of  the  courts  toward 
these  districts  has  gradually  changed  from  being  generally  hostile  30  years 
ago  to  being  generally  favorable  at  present,  and  there  is  a  large  body  of 
judicial  decisions  to  which  we  can  turn  for  our  support  if  we  follow  gener- 
ally the  procedure  which  has  grown  up  around  cooperative  drainage.  The 
bill  presented  appears  bulky  and  can  doubtless  be  shortened  to  some  extent 
by  the  elimination  of  processes  which  are  provided  for  under  the  general 
law. 

Many  of  the  provisions  of  this  bill  are  taken  from  similar  provisions  in 
other  state  laws,  and  have  in  the  main  been  passed  upon  by  the  supreme 
courts  of  those  states.  ♦  ♦  ♦  ♦  We  have  examined  between  15  and  20 
state  drainage  and  reclamation  laws  in  the  preparation  of  this  bill,  and  are 
most  indebted  to  the  laws  of  Missouri,  Arkansas,  Illinois,  and  Wisconsin. 
The  Missouri  law,  as  a  whole,  is  best  worked  out,  but  of  the  12  drainage 
laws  under  which  The  Morgan  Engineering  Company  is  at  present  oper- 
ating it  is  in  some  respects  the  most  cumbersome. 


HISTORY  OF  MIAMI  FLOOD  CONTROL  PROJECT  65 

This  tentative  draft  will  need  modification  in  very  many  respects  in  or- 
der to  fit  it  to  the  legal  and  administrative  procedure  of  the  State  of  Ohio. 

Mr.  McMahon  spent  several  months  in  carefully  examining 
every  detail  of  the  proposed  law  and  in  putting  it  in  proper  legal 
form.  He  considered  the  final  draft  to  be  one  of  the  greatest 
achievements  of  his  legal  career.  Realizing  the  importance  of  this 
work,  the  Flood  Prevention  Committee  secured  the  assitsance  of 
Honorable  John  M.  Dillon,  of  New  York  City,  now  deceased,  and 
Judge  Horace  S.  Oakley,  of  Chicago,  whose  long  and  intimate  ex- 
perience with  the  workings  of  special  assessment  laws  in  other 
states  were  of  great  value  in  this  connection.  After  the  legal  prob- 
lems had  been  worked  out  in  conformity  with  the  constitution,  ex- 
isting statutes,  and  court  decisions,  the  bill  was  again  critically  ex- 
amined from  an  engineering  point  of  view.  As  finally  drawn  after 
many  conferences  between  engineers  and  attorneys,  it  was  not  only 
in  accord  with  generally  accepted  principles  of  financial  and  govern- 
mental administration,  but  it  effectively  safeguarded  the  rights  of 
every  person  and  every  community  affected  by  its  operation,  and  it 
permitted  the  unhampered  application  of  good  engineering  practice 
to  all  phases  of  the  work.  It  was  completed  in  time  to  be  presented 
at  a  special  session  of  the  legislature  which  convened  in  January, 
1914;  was  passed  in  the  House  by  a  vote  of  87  to  18;  in  the  Senate 
with  only  one  opposing  vote ;  and  was  signed  by  Governor  Cox  on 
March  17,  1914. 

FEATURES  OF  THE  CONSERVANCY  ACT 

The  conservancy  act  provides  for  the  establishment  of  con- 
servancy districts  in  Ohio,  through  petition  of  property  owners  to 
the  court  of  common  pleas  of  any  county  wholly  or  partly  within 
the  proposed  district,  for  any  or  all  of  the  following  purposes : 

(a)  preventing  floods ; 

(b)  regulating  stream  channels  by  changing,  widening,  and 
deepening  the  same ; 

(c)  reclaiming  or  filling  wet  and  overflowed  lands ; 

(d)  providing  for  irrigation  where  it  may  be  needed ; 

(e)  regulating  the  flow  of  streams ; 

(f)  diverting,  or  in  whole  or  in -part  eliminating  water  courses; 
and  mcident  to  such  purposes  and  to  enable  their  accomplishment, 
to  straighten,  widen,  deepen,  change,  divert,  or  change  the  course 
or  terminus  of,  any  natural  or  artificial  water  course  ;  to  build  reser- 
voirs, canals,  levees,  walls,  embankments,  bridges,  or  dams;  to 
maintain,  operate  and  repair  any  of  the  construction  herein  named ; 
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and  to  do  all  other  things  necessary  for  the  fulfillment  of  the  pur- 
poses of  this  act. 

Organization  of  a  district  is  affected  by  a  majority  decision  of  a 
court  consisting  of  one  common  pleas  judge  from  each  county  hav- 
ing land  in  the  district.  Upon  organization  of  a  district  the  court 
becomes  ipso  facto  the  conservancy  court  of  that  district.  This 
court  appoints  a  board  of  three  directors  to  manage  the  district, 
who  in  turn  may  employ  engineers,  attorneys,  and  other  assistants 
as  deemed  necessary.  In  constructing  and  maintaining  the  works 
of  a  district,  the  board  of  directors  is  authorized  to  cooperate  with 
the  federal  government,  with  the  government  of  any  other  state, 
with  public  or  private  corporations,  with  other  conservancy  dis- 
tricts, or  with  private  parties.  A  plan  for  the  improvement  is  pre- 
pared by  the  chief  engineer  and  passed  upon  by  the  board  of  di- 
rectors. After  a  formal  hearing  of  objections  by  affected  property 
owners  the  plan  is  subject  to  the  approval  of  the  court.  An  ap- 
praisal of  all  benefits  and  damages  accruing  to  properties  affected 
by  the  execution  of  the  proposed  plan  is  made  by  a  board  of  three 
appraisers  appointed  by  the  conservancy  court.  Due  notice  of  the 
filing  with  the  court  of  the  appraisal  roll  and  of  the  hearing  thereon 
shall  be  published  to  give  the  property  owners  affected  opportunity 
for  filing  exceptions  to  any  part  or  all  of  the  appraisal.  After  a 
hearing,  the  court  must  formally  act  on  the  appraisal  record.  Bonds 
can  then  be  issued  and  sold  to  finance  the  construction  of  the  pro- 
posed improvement.  Any  owner  has  the  right  to  appeal  from  his 
award  of  benefits  or  damages,  and  may  have  his  case  heard  before 
a  jury  in  the  county  in  which  his  property  is  located.  No  property 
can  be  confiscated,  damage  must  be  paid  where  damage  is  sus- 
tained, and  no  property  owner  can  be  unjustly  assessed. 

The  following  list  of  successive  steps  shows  the  operation  of 
the  conservancy  act  from  the  time  the  petition  for  the  organization 
of  the  district  is  filed  until  the  construction  of  the  works  is  begun. 

1.  Property  owners  file  petition  for  organization  of  district. 

2.  Property  owners  file  bond  to  cover  expenses. 

3.  Court  publishes  notice  of  hearing  on  petition. 

4.  Property  owners  file  objections  to  organization  of  district. 

5.  Court  holds  hearing  and  decides  to  organize  or  not  to  or- 
ganize the  district. 

6.  Court  appoints  3  directors  and  3  appraisers. 

7.  Directors  employ  secretary,  attorney,  engineers,  etc.,  and 
prepare  plans. 

8.  Directors  publish  notice  of  hearing  of  plan. 
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9.  Property  owners  file  objections  to  adoption  of  the  plan. 

10.  Directors  hold  hearing  and  adopt  Official  Plan, 

n.  Property  owners  file  objections  to  approval  of  Official  Plan. 

12.  Court  hears  and  passes  on  objections  to  Official  Plan. 

13.  Appraisers  appraise  benefits  and  damages. 

14.  Appraisers  file  appraisal  of  benefits  and  damages. 

15.  Court  publishes  notice  of  hearing  on  appraisals. 

16.  Property  owners  file  exceptions  to  appraisals. 

17.  Court  holds  hearing  and  issues  decree  on  appraisals. 

18.  Property  owners  appeal  on  appraisals. 

19.  Directors  prepare  and  file  Conservancy  Assessment  Record. 

20.  Property  owners  have  30  days  in  which  to  pay  assessments 
in  full. 

21.  Directors  issue  bonds  and  have  works  constructed. 

A  district  may  be  financed  from  three  separate  funds  which  are 
provided  for  in  the  act : 

1. — A  preliminary  fund,  consisting  of  a  tax  levied  upon  the  prop- 
erty in  the  district,  not  to  exceed  three-tenths  of  a  mill  on  its  as- 
sessed valuation. 

2. — A  bond  fund,  provided  by  the  special  assessment  of  benefits 
as  approved  by  the  court. 

3. — A  maintenance  fund  which  is  derived  from  a  special  assess- 
ment levied  annually. 

The  preliminary  fund  is  for  defraying  the  cost  of  organization, 
surveys,  and  other  expenses  preliminary  to  the  sale  of  bonds.  The 
bond  fund  is  for  the  construction  cost  of  the  proposed  improvement. 
It  is  provided  by  an  assessment  levied  on  all  real  property  against 
which  benefits  have  been  appraised.  This  assessment  shall  be 
levied  on  each  property  in  proportion  to  the  benefits  appraised 
against  that  property.  It  shall  not  exceed  the  amount  of  benefits  as 
approved  by  the  court,  and  shall  be  only  sufficient  to  pay  for  ex- 
ecuting the  plan.  Any  assessed  property  owner  has  the  privilege  of 
paying  his  assessment  in  full  at  any  time  within  30  days  after  the 
filing  of  the  assessment  roll  in  the  office  of  the  district.  If  not  so 
paid,  the  assessment  will  be  collected  as  an  annual  tax  distributed 
over  a  period  of  years.  The  amount  collected  will  go  into  a  sinking 
rund  to  retire  the  bonds  at  maturity.  This  period  shall  not  exceed 
30  years.  After  the  bonds  have  been  sold  the  act  does. not  permit 
an  injunction  against  the  collection  of  taxes  for  their  payment  or 
against  constructing  the  works,  as  this  would  afford  opportunities 
of  obstruction  and  delay  so  great  that  little  could  be  accomplished. 
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It  will  be  noted  throughout,  however,  that  appeal  to  the  courts  is 
provided  for  every  important  step,  thus  fully  protecting  the  rights 
of  property  owners. 

ORGANIZATION  OF  THE  MIAMI  CONSERVANCY 

DISTRICT 

On  March  18,  the  day  following  the  signing  of  the  conservancy 
act  by  the  Governor,  the  cities  of  Dayton,  Hamilton,  and  Middle- 
town,  the  villages  of  Franklin  and  Miamisburg,  the  counties  of 
Montgomery,  Butler,  and  Warren,  and  1500  individual  petitioners 
filed  petitions  for  the  establishment  of  the  Miami  Conservancy  Dis- 
trict. The  proposed  district  included  parts  of  10  counties,  consist- 
ing of  the  lowlands  bordering  the  Miami  River  and  its  tributaries. 
A  court  consisting  of  the  following  10  common  pleas  judges  con- 
vened for  the  hearing  on  this  petition  in  Memorial  Hall  in  Dayton 
on  March  20,  1914;  and  sat  as  a  conservancy  court  under  the  new 
act. 

Carroll  C.  Sprigg  (presiding),  Montgomery  County 

Hiram  C.  Mathers,  Shelby  County 

J.  M.  Broderick,  Logan  County 

Walter  D.  Jones,  Miami  County 

F.  M.  Hagan,  Clarke  Cpunty 

Charles  H.  Kyle,  Greene  County 

Williard  J.  Wright,  Warren  County 

A.  C.  Risinger,  Preble  County 

Clarence  W.  Murphy,  Butler  County 

Otway  J.  Cosgrave,  Hamilton  County 

An  attendance  of  over  2,000  people  gave  evidence  of  the  wide  in- 
terest in  the  occasion.  After  hearing  arguments  for  and  against  the 
organization  of  the  district,  the  attorneys  for  the  opposition  entered 
an  objection  to  the  jurisdiction  of  the  court  and  secured  a  continu- 
ance of  the  hearing  to  March  31.  During  the  week  of  March  20-26 
the  special  board  of  eight  consulting  engineers,  mentioned  in  the 
preceding  chapter,  was  retained  to  examine  the  plans  for  protecting 
the  Miami  Valley  and  to  testify  for  the  formation  of  the  district. 
They  did  not  appear  before  the  court  as  expected  on  account  of  the 
long  delay  in  the  proceedings.  When  the  court  reconvened  on 
March  31,  Judge  Broderick  was  absent  on  account  of  sickness.  The 
opposition  again  raised  questions  of  the  jurisdiction  of  the  court  and 
questions  of  constitutionality. 

The  arguments  of  the  objectors  were  stated  briefly  in  general 
terms  by  their  counsel  as  follows : 
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I. — The  conservancy  act  confers  legislative  powers  on  the  court. 

2. — The  act  denies  contestants  the  equal  protection  of  the  laws: 
the  petitioners  have  the  privilege  of  appeal  and  the  objectors  do  not. 

3. — The  conservancy  act  violates  the  principle  of  local  self-gov- 
ernment. It  illegally  delegates  legislative  power,  including  taxation, 
to  others  than  those  elected  by,  and  answerable  to,  the  people. 

In  reply  to  these  arguments  the  counsel  for  the  petitioners  con- 
tended : 


FIG.  17.— BUSINESS  SECTION  AT  PIQUA.  MARCH  25,  1913. 
View  taken  wlien  the  flood  waters  were  highest. 

I. — That  there  is  a  true  distinction  between  the  delegation  of 
power  to  make  a  law,  which  involves  discretion  as  to  what  the  law 
shall  be,  and  the  conferring  of  authority  or  discretion  as  to  its  exe- 
cution, to  be  exercised  under  and  in  pursuance  of  the  law.  The 
■functions  of  the  conservancy  court  under  the  conservancy  act  are 
administrative  and  judicial. 

2,— That  it  would  have  been  competent  for  the  legislature  to 
have  authorized  the  creation  of  a  district  without  notice  or  hearing, 
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because  the  mere  creation  of  the  district  could  not  hurt  any  one. 
When  definite  action  is  taken  by  such  district  as  in  the  adoption  and 
filing  of  a  plan,  or  the  assessing  or  taking  of  property,  any  objector 
has  ample  opportunity  for  presenting  his  objections  in  court  for 
hearing  and  property  owners  are  thus  fully  protected.  An  objector 
does  not  expect  a  hearing  in  court  for  instance  before  a  railroad  com- 
pany is  formed,  to  prevent  its  formation,  because  its  line  is  located 
through  a  farm  or  house  owned  by  the  objector. 

3. — That  the  organization  of  improvement  districts  is  not  a  new 
idea.  The  formation  of  a  district  could  not  be  equitably  determined 
by  popular  vote  in  counties  or  municipalities,  as  in  many  cases  only 
a  fractional  part  of  such  counties  or  municipalities  would  be  af- 
fected. Neither  could  it  be  determined  by  a  vote  of  those  residing 
in  the  district,  since  there  would  be  no  way  in  which  the  district 
boundary  could  be  predetermined.  Special  assessment  methods  of 
obtaining  funds  for  financing  improvements  have  been  repeatedly 
used  in  this  country  and  upheld  in  the  courts. 

Further  arguments  in  vindication  of  the  conservancy  act  were 
presented  in  briefs  by  counsel  for  the  petitioners  from  which  is 
quoted  the  following: 

As  soon  as  the  terrible  flood  of  1913  occurred,  involving  not  only  Colum- 
bus, Dayton,  Hamilton,  Zanesville,  Middletown,  but  many  other  cities  and 
villages,  the  necessity  for  a  law  was  apparent.  The  question  arose  at  once, 
how  should  protection  be  afforded? 

It  was  questionable  whether  the  State  could  enter  upon  the  work  in 
view  of  the  provisions  of  Article  VIII  of  the  Constitution,  especially  as  it 
would  involve  enormous  expenditure  for  protection  in  special  localities.  A 
plan  of  taxation  by  county  lines  would  not  be  entirely  fair.  The  system  of 
assessment  upon  those  benefited  seemed  the  best.  That  system  was  adopt- 
ed, admitting,  as  it  does,  assessments  upon  entire  corporate  bodies.  But  a 
further  step  was  important.  How  was  the  system  to  be  put  in  working 
order,  bearing  in  mind  that  many  counties  might  be  required  in  one  district? 

The  power  could  have  been  conferred  upon  the  commissioners  of  the 
counties,  as  is  done  in  the  joint  county  ditch  law,     *     ♦     ♦ 

But  a  body  of  thirty  men,  representing  different  counties,  different  de- 
grees of  interest,  governed  by  local  prejudices,  and  ignorant  of  the  law, 
would  have  been  not  only  an  unwieldy,  but  an  impossible  body. 

The  power  might  have  been  invested  in  cities  with  the  power  of  emin- 
ent domain.     ♦     ♦     ♦ 

Such  an  arbitrary  power  would  have  been  liable  to  abuse.  Then  con- 
flicting schemes  would  have  been  put  forward  in  the  same  district  with  no 
reasonable  method  of  harmonizing  them.  Such  a  plan  would  have  led  to 
interminable  wrangling  and  ill-feeling,  and  numerous  conflicting  districts. 

Then  again  the  legislature  might  have  authorized  the  formation  of  pri- 
vate corporations  with  powers  extensive  enough  to  accomplish  the  objects 
of  the  law.    Many  of  the  irrigation  and  water  power  schemes  in  the  far  west 
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are  handled  by  private  corporations.  Such  a  system  would  not  have  suited 
the  public  who  arc  seeking  protection  alone;  and  there  would  have  been  an 
outcry  against  any  plan  that  involved  pecuniary  profit  to  anyone. 

Or  the  legislature  might  have  provided  for  the  formation  of  a  district 
by  a  vote  of  the  majority  of  those  in  the  district.  But  the  insuperable  ob- 
jection to  such  a  plan  is  the  fact  that  no  definite  boundaries  to  the  district 
could  be  fixed.  Thus  if  channel  improvement  was  adopted,  the  presons  and 
localities  affected  would  be  very  different  from  those  to  be  affected  by  a  dry 
reservoir  improvement.  The  expense  of  surveys  for  a  comprehensive  plan 
in  advance  would  prohibit  a  plan.    *    ♦    ♦ 

Finally  the  legislature  might  have  provided  for  a  state  commission, 
with  subordinate  agencies  in  the  flooded  district,  to  carry  out  the  purposes 
of  the  act.  But  that  would  have  involved  the  state  in  expense,  multiplied 
offices,  and  brought  the  great  works  that  must  be  established  within  the 
baneful  influence  of  political  domination.     *     *     * 

*  *  *  The  bill  was  framed  with  a  conscientious  desire  to  protect  the 
general  public  with  as  little  sacrifice  as  was  possible  to  those  whose  property 
would  be  taken,  paying  them  liberally,  or  affording  them  every  opportunity 
to  have  an  award  of  the  full  value  of  everything  taken  from  them  by  a 
friendly  jury — all  assessments  for  benefits  upon  any  person  or  corporation 
to  be  finally  submitted  to  the  same  test. 

The  hearing  was  concluded  on  April  3,  when  the  court  adjourned 
to  prepare  its  decision.  On  April  18  the  court  voted  5  to  4  in  over- 
ruling all  the  objections,  but  as  a  vote  of  6  to  3  or  a  majority  of  the 
10  judges  was  required  for  a  decision  to  establish  the  district,  the 
result  was  an  entry  of  dismissal  of  the  petition  for  the  district. 

The  attorneys  for  the  petitioners  at  once  carried  the  case  to  the 
court  of  appeals  which  convened  for  the  hearing  in  Dayton  on  May 
7,  1914.  The  arguments  were  practically  a  repetition  of  those  be- 
fore the  conservancy  court.  On  May  27  the  court  of  appeals  an- 
nounced a  preliminary  decision  holding  that  the  case  was  lawfully 
in  the  court  of  appeals,  that  the  subject  matter  of  the  action  was  ap- 
pealable and  that  the  conservancy  act  was  constituional.  On  June 
3  it  announced  a  unanimous  decision  that  the  conservancy  act  was 
constitutional  except  for  the  preliminary  tax  for  organization  and 
preliminary  expenses,  which  it  held  unconstitutional,  and  remanded 
the  case  to  the  conservancy  court.  The  opinion  against  the  prelim- 
inary tax  did  not  affect  the  work  in  the  Miami  Valley,  as  the  pre- 
liminary expenses  were  already  being  taken  care  of  by  the  Dayton 
Flood  Prevention  fund.  On  May  14  the  Flood  Prevention  Com- 
mittee filed,  for  the  petitioners,  a  petition  in  error  in  the  court  of 
appeals  entitled  "City  of  Dayton  and  others  versus  County  of  Miami 
and  others".  This  was  done  to  avoid  any  possible  delay  that  might 
be  caused  by  an  adverse  decision  from  the  court  of  appeals. 
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On  August  3  the  objectors  filed  a  petition  in  error  in  the  supreme 
court  claiming  the  conservancy  act  to  be  unconstitutional  and  ask- 
ing a  reversal  of  the  decision  of  the  court  of  appeals.  The  questions 
considered  were  similar  to  those  which  had  been  argued  in  the  lower 
courts.  The  decision  of  the  supreme  court  on  December  15  upheld 
the  constitutionality  of  the  conservancy  act,  but  held  that  the  case 
should  have  come  into  the  court  of  appeals  on  error  and  not  on  ap- 
peal. At  this  juncture  the  wisdom  of  the  petitioners  in  having  filed 
the  petition  in  error  in  the  court  of  appeals  was  evident,  as  the  case 
could  now  be  taken  up  in  the  lower  court  without  delay.  On  De- 
cember 22  a  motion,  filed  by  the  objectors,  to  dismiss  the  petition 
•in  error  was  taken  under  advisement  by  the  court  of  appeals  and  on 
January  18,  1915,  the  court  of  appeals  upheld  the  right  of  the  peti- 
tioners to  a  re-hearing  of  the  case  on  the  petition  in  error.  On  Jan- 
uary 27  it  issued  a  decision  upholding  the  petition  in  error,  and  or- 
dered the  conservancy  court  to  proceed  with  the  hearing  for  the  or- 
ganization of  the  district  in  accordance  with  the  provisions  of  the 
conservancy  act.  It  held  that  the  court  erred  in  dismissing  the  pe- 
tition instead  of  proceeding  with  the  hearing  of  evidence  in  support 
of  the  petition.  On  February  18  the  objectors  again  took  their  case 
to  the  supreme  court  on  error,  claiming  that  the  court  of  appeals 
erred  in  reversing  the  conservancy  court's  decision  that  the  district 
could  not  be  established.  The  supreme  court  was  urged  by  the  pe- 
titioners to  give  the  case  an  early  hearing  on  account  of  the  delay 
being  caused  to  flood  control  plans  in  various  parts  of  the  state.  In 
the  meantime  a  friendly  suit  was  being  prosecuted  in  Franklin 
County,  where  a  district  had  already  been  organized  under  the  con- 
servancy act,  to  test  the  constitutionality  of  the  preliminary  tax 
clause.  Other  complications  in  the  legal  situation  developed  from 
time  to  time,  and  determined  efforts  were  being  made  by  the  oppo- 
sition to  cripple  the  conservancy  act  by  amendments  presented  to 
the  legislature.  Every  opportunity  was  taken  by  the  opposition  to 
complicate  the  situation  and  delay  the  progress  of  the  Flood  Pre- 
vention Committee.  On  June  4,  1915,  the  supreme  court  sustained 
the  conservancy  act  in  its  entirety. 

On  June  14  the  petitioners  for  the  district  filed  a  petition,  asking 
for  the  elimination  of  Logan  County  and  a  part  of  Shelby  County 
from  the  original  district.  The  engineering  studies  had  developed 
the  fact  that  the  control  afforded  by  the  proposed  Port  Jefferson 
Retarding  Basin  in  Logan  County  could  be  more  economically  se- 
cured by  altering  the  plans  for  the  other  basins.  The  ten  judges  of 
the  original  conservancy  court  met  again  in  Dayton  on  June  24.    It 


FIG.  18.— MAP  SHOWING  THE  MIAMI  RIVER  VALLEY. 
The  territory  embraced  within  the  boundaries  of  the  Miami  Conservancy 
strict  is  shown  by  the  portion  not  cross  hatched. 
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granted  the  petition  to  eliminate   Logan  County,  which  left  the 
court  comprised  of  nine  judges. 

The  court  then  proceeded  with  its  hearing  on  the  formation  of 
the  district.  Evidence  was  submitted  by  the  petitioners  to  estab- 
lish the  necessity  for  the  proposed  flood  control  work  and  that  it 
would  be  conducive  to  the  public  health,  safety,  convenience,  and 
welfare.  The  attorneys  for  the  opposition  attempted  to  complicate 
and  confuse  the  issue  by  an  extended  cross  questioning  on  the  engi- 
neering details  of  the  plans  that  were  being  prepared,  particularly 
attacking  the  retarding  basin  feature.  Counsel  for  the  petitioners 
objected  to  the  introduction  of  such  testimony  on  the  ground  that 
the  question  before  the  court  was  that  of  the  need  for  protection, 
and  not  a  consideration  of  the  details  of  any  plan,  as  such  consider- 
ations would  be  taken  up  at  the  time  of  the  hearing  on  the  plan 
itself.  The  court,  however,  overruled  this  objection,  stating  that  the 
importance  of  the  case  warranted  their  being  fully  informed  on  all 
of  its  phases.  Considerable  engineering  testimony  was  thereupon 
introduced  in  explanation  of  the  plans  so  far  as  they  had  been  de- 
termined. On  June  28,  1915,  after  reviewing  the  testimony  pre- 
sented, the  court,  by  a  vote  of  5  to  4,  formally  declared  the  estab- 
lishment of  the  Miami  Conservancy  District,  its  boundaries  to  in- 
clude lands  in  nine  counties  approximately  as  shown  on  the  map  in 
figure  18.  The  court  appointed  as  directors:  Edward  A.  Deeds  of 
Dayton,  Henry  M.  Allen  of  Troy,  and  Gordon  S.  Rentschler  of 
Hamilton.  These  men  had  taken  leading  parts  in  the  flood  control 
movement,  and  their  extended  experience  at  the  head  of  large  busi- 
ness undertakings,  and  their  active  interest  in  public  improvements 
made  them  peculiarly  fitted  for  the  appointment,  which  they  ac- 
cepted largely  as  a  public  duty.  The  directors  appointed  Ezra  M. 
Kuhns,  of  Dayton,  as  secretary. 

In  January,  1916,  the  district  found  a  splendid  home  in  the 
newly  completed  Conservancy  Building  in  Dayton,  see  figure  19. 
The  building  was  constructed  by  Mr.  Deeds  and  presented  to  the 
district.  It  is  a  three-story  structure,  45  feet  by  90  feet,  of  fire- 
proof construction  throughout,  the  doors  and  window  frames  being, 
of  bronze  and  inside  partitions  of  glass  and  steel.  The  exterior  is 
of  Bedford  limestone.  The  entire  administrative,  appraisal,  and 
engineering  forces  of  the  district  were  moved  into  these  quarters. 
The  building  is  conveniently  located  on  Monument  Avenue,  over- 
looking the  south  bank  of  the  Miami  River,  where  it  is  not  only  an 
ornament  to  the  city  but  will  be  a  lasting  monument  to  the  great 
work  of  flood  control  in  the  valley  and  to  the  public  spirited  citizens 
who  made  this  work  possible. 
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COURT  DECISIONS 

The  passage  of  the  conservancy  act,  the  attempted  amendments, 
the  establishment  of  the  Miami  Conservancy  District,  and  the  many 
legal  proceedings  attending  these  steps  were  so  interdependent  that 
a  description  of  one  involves  a  discussion  of  the  others.  While  the 
legal  proceedings  apparently  caused  an  unwarranted  delay  in  the 
flood  protection  work,  they  ultimately  resulted  in  expediting  its 
progress.  Every  finding  issued  by  the  courts,  which  had  any  real 
importance  or  vital  significance  as  to  the  practical  application  of  the 
act,  gave  it  unreserved  support.  The  effect  of  these  decisions,  given 
by  both  the  court  of  appeals  and  the  supreme  court,  while  not  im- 
mediately apparent,  was  to  give  stability  to  the  law  and  a  gradually 
increasing  momentum  to  the  flood  control  movement  that  later 
pushed  aside  all  obstacles  to  rapid  progress.  They  established  be- 
yond doubt  the  constitutional  validity  of  the  conservancy  act,  they 
removed  it  from  the  suspicions  and  experimental  atmosphere  of  an 
untried  statute,  and  they  gave  it  an  unqualified  recognition  as  a 
practicable,  workable  law.  This  weakened  the  opposition  and  gave 
a  legal  standing  to  the  Miami  Conservancy  District  that  was  later 
of  inestimable  value  in  the  sale  of  its  bonds  and  in  establishing  its 
financial  security. 

PROPOSED  AMENDMENTS  TO  THE  CONSERVANCY 

ACT 

The  conservancy  act  was  drawn  on  broad  lines  with  the  intent 
to  provide  for  any  water  control  or  conservation  project  or  problem 
that  might  arise.  Its  proper  understanding  and  applicLitions  were 
therefore  somewhat  difficult  for  persons  having  in  mind  only  one 
particular  case  w^ith  its  own  peculiar  local  conditions.  Thus,  to  one 
having  a  drainage  problem  in  mind  it  was  difficult  to  understand 
why  the  new  act  should  provide  for  water  power  development,  and 
this  power  development  clause  was  immediately  construed  by  op- 
ponents to  the  law  as  a  menace.  The  appointment  of  the  directors 
of  a  district  by  the  court,  the  general  power  accorded  the  board  of 
directors,  and  the  methods  of  financing  and  general  administration 
of  an  improvement,  prescribed  by  the  act  were  all  challenged  in 
attempts  at  amendment.  The  most  persistent  of  these  attempts 
originated  with  local  opposition  to  the  plans  for  the  proposed  Miami 
Valley  improvement.  They  gained  strength  through  the  efforts  of 
antagonistic  lawyers,  through  a  general  misrepresentation  of  the 
plans  and  the  law,  and  through  partially  successful  efforts  to  make 
the  matter  a  political  issue. 
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Late  in  1914  this  opposition  resulted  in  the  drafting  of  proposed 
amendments  which,  if  adopted,  would  cripple  the  conservancy  act 
and  make  it  useless.  The  effects  of  the  more  important  amendments 
proposed  were  to  make  it  more  difficult  to  initiate  a  petition;  to 
eliminate  any  possible  use  of  dams  or  reservoirs;  to  curtail  the 
directors'  power  of  condemnation  ;  to  provide  for  at  least  one  elected 
director  from  each  county  affected  by  the  district;  to  prevent  re- 
moval of  a  judge  by  a  charge  of  prejudice ;  and  to  include  county 
commissioners  as  ex-officio  members  of  the  board  of  directors. 
The  Quinlisk  Bill  was  presented  in  the  House  on  January  20,  1915, 
and  on  the  following  day  a  duplicate  of  this  was  introduced  in  the 
Senate  as  the  Garver  Bill.  These  bills  were  drawn  to  make  radical 
changes  in  vital  parts  of  the  law  and  contained  clauses,  the  consti- 
tutionality of  which  was  very  doubtful.  Their  passage  would  have 
effectively  obstructed  the  plans  of  the  Miami  Conservancy  District. 
Knowing  this,  the  Dayton  Flood  Prevention  Committee  instituted 
a  state  wide  educational  campaign  to  combat  the  erroneous  infor- 
mation that  was  being  published  by  opponents.  It  established  an 
educational  exhibit  at  Columbus  for  the  purpose  of  explaining  the 
conservancy  act  and  in  particular  its  application  in  the  Miami  Val- 
ley. Engineers  of  the  committee  displayed  maps,  diagrams,  and 
models  to  illustrate  the  work  contemplated  in  the  Miami  Valley, 
and  explained  the  plans  in  detail  to  the  legislators  and  to  any  others 
who  were  interested.  Thirty-six  leading  citizens  of  the  Miami  Val- 
ley registered  as  lobbyists  and  devoted  a  large  part  of  their  time  to 
this  fight  to  preserve  the  law.  When  it  was  learned  that  the  oppo- 
sition was  passing  a  petition  for  popular  support  of  the  proposed 
amendments,  the  Flood  Prevention  Committee  immediately  circu- 
lated the  following  counter  petition : 

To  the  Honorable  Members  of  the  General  Assemblj'^  of  the  State  of  Ohio: 
We,  the  undersigned,  residents  of  th"  '^ity  of  Dayton  and  vicinity,  most 
respectfully  petition  your  honorable  bod,  ^o  allow  the  Vonderheide  Con- 
servancy Act  to  remain  on  the  statute  books  of  Ohio  for  the  present  un- 
changed. It  was  drawn,  after  mature  deliberation  by  some  of  the  best  legal 
talent  of  the  country,  in  consultation  with  the  best  engineers  of  the  world 
on  questions  of  flood  prevention.  It  aims  to  afford  all  feasible  methods  for 
protecting  the  lives  and  property,  not  only  of  this  immediate  vicinity,  but  of 
all  sections  of  the  state. 

The  courts,  from  the  lowest  to  the  highest,  are  putting  the  stamp  of 
their  approval  on  the  general  policy  outlined  in  that  act  as  fast  as  the  ques- 
tions can  be  presented  to  them. 

The  unfaded  memories  of  that  awful  disaster  of  1913  and  solicitude  for 
our  families  and  our  homes,  even  more  than  the  large  property  interest  at 
stake,  prompt  us  to  urge  upon  you  courageous  action  in  defense  of  that 
measure  which  seems  to  promise  relief  for  the  situation. 
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A  similar  petition  was  passed  for  children's  signature.  These 
petitions,  with  over  89,000  names  of  residents  of  the  Miami  Valley 
appended  were  presented  to  a  joint  senate  and  house  committee  at 
a  public  hearing  in  the  Capitol  Building  at  Columbus  on  February 
9,  1915.  The  spectacle  at  this  hearing  was  one  seldom  equaled  iu 
the  legislative  halls  of  any  state.  Stereopticon  and  moving  pictures 
of  the  1913  flood  were  thrown  on  a  huge  screen,  followed  by  illustra- 
t''ons  of  proposed  flood  prevention  plans.  These  were  described  by 
Edward  A.  Deeds  of  the  Flood  Prevention  Committee,  who  made 
a  stirring  plea  that  the  conservancy  act  be  left  intact.  His  argu- 
ment was  supported  by  Gordon  S.  Rentschler  who  spoke  for  the 
citizens  of  Hamilton.  Judge  O.  B.  Brown  of  Dayton  and  Judge 
Horace  S.  Oakley  presented  legal  reasons  why  the  law  should  not 
l>e  molested.  General  O.  H.  Ernst,  U.  S.  Army  retired,  and  Pro- 
fessor D.  W.  Mead,  of  Madison,  Wisconsin,  spoke  briefly  but  to  the 
point  regarding  the  adequacy  of  the  Miami  Valley  flood  control 
plans  from  an  engineering  point  of  view.  A  touching  appeal  for 
flood  protection  was  made  by  Mrs.  J.  A.  Beery  of  Columbus,  her- 
self a  sufferer  in  the  1913  flood.  Defense  of  the  proposed  amend- 
ments was  undertaken  by  A.  J.  Miller  of  Bellefontaine,  Percy  Tay- 
lor of  Sidney,  F.  M.  Sterret  of  Troy,  Horace  Stafford,  and  J.  E. 
Bowman  of  Springfield.    The  debate  continued  until  past  midnight. 

On  February  10  the  following  statement  came  from  the  Flood 
Prevention  Committee  headquarters  at  Columbus: 

To  the  Citizens  of  Dayton: 

The  Miami  Valley  Flood  Prevention  Committee  wishes  to  take  this 
early  opportunity  to  express  their  deep  appreciation  for  the  splendid  sup- 
port that  has  been  given  them  by  the  men,  women,  and  children  of  Dayton. 

This  committee  fully  realizes  that  the  future  of  the  Miami  Valley  and 
the  lives  of  its  citizens  depend  upon  the  preservation  of  the  conservancy  law. 

A  modification  of  this  beneficent  law  carries  with  it  a  responsibility  for 

life  and  property  which  we  believe  the  members  of  the  general  assembly 

will  not  care  to  assume  when  the  question  comes  squarely  before  them  for 

a  decision. 

Yours  most  sincerely, 

£.  A.  Deeds,  Chairman. 

O.  B.  Brown,  Secretary. 

Newspapers,  churches,  chambers  of  commerce,  and  other  insti- 
tutions took  up  the  fight,  and  except  in  a  few  cases  where  personal 
interest  or  local  influence  prevailed,  gave  energetic  support  to  the 
preservation  of  the  law.  Engineering  periodicals  pointed  out  the 
folly  of  an  amendment  that  would  forever  preclude  the  use  of  reser- 
voirs as  a  means  to  flood  protection,  and  of  limiting  the  engineers 
to  the  use  of  only  certain  methods.    The  Governor  and  members  of 
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the  legislature  were  deluged  with  letters,  telegrams,  and  petitions 
asking  that  the  law  be  preserved  in  every  respect. 

The  efforts  of  the  Flood  Prevention  Commitee  and  of  public- 
spirited  citizens,  coupled  with  the  tremendous  public  sentiment 
favoring  the  conservancy  act,  resulted  in  a  decisive  defeat  of  the 
proposed  amendments.  Two  years  later,  in  February,  1917,  a  fur- 
ther attempt  was  made  to  cripple  the  law  by  amendment,  but  by 
this  time  it  had  become  so  firmly  established  by  the  various  courts 
that  the  movement  was  unfavorably  received  and  was  given  very 
little  consideration.  The  proposed  amendment  was  presented  as 
the  Kious  Bill,  and  was  defeated  in  the  legislature  with  practically 
no  discussion. 

OPERATION  UNDER  THE  ACT 

Shortly  after  the  establishment  of  the  Miami  Conservancy  Dis- 
trict, in  June,  1915,  its  board  of  directors  appointed  Arthur  E.  Mor- 
gan chief  engineer,  and  instructed  him  to  hasten  the  completion  of 
the  plans  that  had  been  developed  for  the  Flood  Prevention  Com- 
mittee under  his  direction.  At  his  suggestion  the  district  took  over 
the  entire  part  of  the  Morgan  Engineering  Company's  organization 
employed  on  the  Miami  Valley  flood  prevention  work,  together 
with  the  equipment  and  supplies  that  were  in  use  on  the  work.  The 
district  borrowed  the  necessary  funds  from  the  Dayton  Citizens' 
Relief  Commission,  and  the  engineering  work  in  preparation  of  the 
plans  was  continued  without  interruption.  The  formal  organization 
of  the  district  gave  its  engineers  authority  to  enter  lands  for  making 
surveys  and  test  borings,  which  permitted  the  work  to  proceed  un- 
hampered. In  some  cases  such  entrance,  previously,  had  been  de- 
terminedly opposed  by  property  owners. 

In  accordance  with  the  law,  the  conservancy  court  appointed  as 
appraisers  of  the  district:  Charles  W.  Kiser  of  Piqua,  J.  Edward 
Sauer  of  Dayton,  and  Samuel  M.  Goodman  of  Hamilton.  A  careful 
examination  of  the  proposed  plan  and  a  field  inspection  of  all  the 
lands  affected  by  the  proposed  improvement  were  immediately  be- 
gun by  the  appraisers,  in  preparing  for  the  assessment  of  benefits 
and  damages,  which  must  commence  upon  the  adoption  of  the 
Official  Plan  by  the  court. 

Step  by  step  the  requirements  of  the  conservancy  act  were  fol- 
lowed out  by  the  district.  In  March,  1916,  the  chief  engineer  pre- 
sented a  comprehensive  report  consisting  of  three  printed  volumes 
of  about  200  pages  each  and  two  large  volumes  of  maps  and  plans. 
This  report  described  in  detail  the  proposed  plan  for  the  protection 
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of  the  district  from  flood  damage.  It  set  forth  the  prinicpal  data 
on  which  the  plan  was  based,  explained  the  development  of  the  plan, 
and  gave  a  description  of  the  proposed  works  and  the  property  af- 
fected by  their  construction.  It  also  presented  contract  forms  and 
specifications,  and  estimates  of  quantities  and  cost  of  the  proposed 
works.  After  a  hearing  of  exceptions,  consisting  of  conferences 
with  representatives  from  different  parts  of  the  valley,  this  report, 
with  a  few  minor  revisions,  was  adopted  by  the  board  of  directors 
as  the  Official  Plan  of  the  district  and  filed  with  the  secretary  as 
such  on  May  10,  1916.  The  approval  of  the  Official  Plan  by  the  con- 
servancy court  on  November  24,  1916,  is  described  in  detail  in 
chapter  VI.  Following  this  approval  the  directors  turned  their 
attention  particularly  to  matters  relating  to  the  appraisal  work.  A 
description  of  this  work  is  given  in  chapter  VII. 


CHAPTER  IV.— SURVP:YS,  STUDIES,  AND 

INVESTIGATIONS 

ASPECTS  OF  THE  PROBLEM 

The  Morgan  Engineering  Company,  having  been  engaged  to 
investigate  the  flood  situation  and  to  prepare  plans  for  flood  control 
in  the  Miami  Valley,  began  immediately  to  collect  data  and  make 
surveys  on  a  comprehensive  scale.  The  work  was  prosecuted  on 
the  principle  that  no  one  method  of  flood  control  should  be  adopted 
until  all  possible  methods  had  been  thoroughly  investigated.  This 
program  demanded  an  exhaustive  analysis  of  every  phase  of  the 
problem,  and  both  field  operations  and  office  investigations  were 
organized  with  that  object  in  view.  This  chapter  outlines  the  gen- 
eral surveys,  studies,  and  investigations. 

Mr.  Morgan's  first  impression,  which  at  the  time  was  very  gen- 
erally shared,  was  that  relief  could  be  secured  for  Dayton  by  im- 
proving the  river  channel  and  by  a  partial  reconstruction  of  some  of 
the  city  bridges.  Other  methods  of  securing  relief,  such  as  a  system 
of  dams  for  the  detention  of  flood  waters,  were  investigated  largely 
from  a  sense  of  duty  in  following  out  the  program  referred  to.  As 
the  advantages  of  the  use  of  dams  became  more  apparent,  however, 
it  developed  that  the  idea  of  channel  improvement  as  a  sole  means 
of  relief  had  become  so  strongly  intrenched  in  the  public  mind  in 
certain  quarters  as  to  form  the  basis  of  a  determined  opposition  to 
the  progress  of  the  flood  control  project.  This  placed  a  burden  of 
responsibility  on  the  engineers  which  became  greater  as  the  sur- 
veys and  studies  gave  a  better  understanding  of  the  situation,  and  it 
was  due  largely  to  Mr.  Morgan's  insistence  on  developing  every 
possible  method  of  flood  protection  that  the  final  solution  resulted 
in  a  plan,  the  practicability  and  safety  of  which  left  no  room  for 
doubt  as  to  its  superiority.  While  its  primary  aim  was  the  protec- 
tion of  all  the  principal  towns  and  cities  in  the  valley  which  had 
been  damaged  by  the  flood  of  1913,  it  also  afforded  a  large  measure 
of  protection  to  agricultural  lands.  It  emphasized  what  had  been 
recognized  early  in  the  course  of  the  investigations,  namely,  the 
importance  of  dealing  with  the  Miami  River  and  its  tributaries  as  a 
unit  and  working  out  the  flood  problems  of  the  various  communi- 
ties in  one  harmonious  plan,  it  will  be  evident  from  the  foregoing 
that  the  engineering  operations  were  not  therefore  confined  to  a 
consideration  of  the  needs  of  Dayton  alone,  but  were  made  to  em- 
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brace  the  entire  territory  affected  by  the  1913  flood  in  the  valleys  of 
the  Miami,  Mad,  and  Stillwater  Rivers. 

EXISTING  DATA 

The  first  step  was  to  collect  and  inventory  such  existing  data 
as  was  available.  This  gave  considerable  immediate  information 
and  at  the  same  time  assisted  in  indicating  what  data  was  lacking 
and  in  outlining  the  work  in  hand.    The  following  data  was  secured : 

U.  S.  Geological  Survey 

Topographic  quadrangles,  scale  1  inch  equals  1  mile  approxi- 
mately, with  contour  intervals  10  feet  and  20  feet,  15  in  number. 

Topographic  advance  sheets,  scale  1  inch  equals  4000  feet,  with 
contour  intervals  10  feet  and  20  feet,  2  in  number. 

Map  of  Ohio,  scale  1  inch  equals  8  miles,  approximately. 

Map  of  Indiana,  scale  1  inch  equals  8  miles,  approximately. 

A  list  of  government  bench  marks  in  and  near  the  flood  plains 
of  the  Miami  River  and  its  tributaries,  except  the  Whitewater 
River,  giving  elevation,  location,  and  description,  compiled  from 
Bulletins  411,  476,  and  518.  A  few  such  bench  marks  were  secured 
from  the  U.  S.  Coast  and  Geodetic  Survey. 

Water  Supply  Paper  334,  entitled  The  Ohio  Valley  Flood  of 
March.Apr.il,  1913. 

Ohio  State  Board  of  Health 

Map  of  Ohio,  scale  1  inch  equals  4  miles. 
Special  Report  on  the  Flood  of  March,  1913. 

U.  S.  Weather  Bureau 

Monthly  Weather  Reviews,  containing  rainfall  data. 

Bulletin  Z,  containing  description  of  the  1913  floods  in  the  Ohio 
and  lower  Mississippi  River  valleys  and  rainfall  records. 

Gage  heights  and  rainfall  records,  from  office  of  Local  Fore- 
caster, H.  F.  Alps.  Rainfall  records  were  also  obtained  from  the 
Dayton  cooperative  station,  Mrs.  Edith  L.  Boyer,  observer. 

City  Maps  and  Data 
Dayton.  Atlas,  scale  1  inch  equals  200  feet ;  street  maps,  scale 
1  inch  equals  500  feet  and  1  inch  equals  J4  mile;  and  information 
relating  to  gas  and  water  mains,  sewers,  pavements,  and  conduit 
lines,  obtained  from  city  engineer's  office  and  public  utility  corpor- 
ations. 
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Troy.     Street  map,  scale  1  inch  equals  200  feet. 

Piqua.  Map  of  city,  scale  1  inch  equals  200  feet,  and  street  map, 
scale  1  inch  eqitals  500  feet. 

Franklin.     Plat  of  townsite,  scale  1  inch  equals  500  feet. 

Hamilton.  Street  maps,  scale  1  inch  equals  200  feet,  I  inch 
equals  300  feet,  and  1  inch  equals  800  feet,  and  some  bridge  plans 
anil  cross  sections  of  streams. 

County  Maps  and  Data 

Maps  of  all  Ohio  counties  in  the  Miami  drainage  area,  scale  1 
inch  equals  1  mile,  obtained  from  Ohio  State  Highway  Commission, 
showing  principal  highways,  streams,  railroads,  and  political  di- 
visions. 

Rand  McNally  highway  maps  of  Eastern  Indiana. 

Wall  maps  of  Preble  and  Darke  Counties,  scale  1  inch  equals  J^ 
mile,  approximately. 

Atlases  of  Miami  and  Butler  Counties,  which  contain  also  plats 
of  the  more  important  cities  and  towns. 

Township  maps  of  all  townships  in  Miami  County.  Township 
maps  were  also  later  secured  for  Shelby,  Greene,  and  Hamilton 
Counties;  and  section  plats  for  Montgomery,  Butler,  and  Clark 
Counties.  These  maps  were  used  only  in  the  compilation  of  prop- 
erty maps. 

Highway  plans  and  profiles,  and  some  bridge  plans,  were  ob- 
tained from  the  county  engineers'  offices. 

Maps  and  profiles  of  drainage  ditches  were  secured  where  avail- 
able, many  hundreds  of  them  being  obtained. 

Railroads 

Profiles,  alignment  and  right-of-way  maps,  and  bridge  and  cul- 
vert data  were  secured  where  available. 

General  Data 

Photographs,  showing  flood  damages  and  phenomena,  were  se- 
cured from  various  sources. 

Descriptions  of  the  Flood  of  March,  1913.  Among  these  were  a 
descriptive  and  illustrated  pamphlet  published  in  Dayton,  entitled 
A  Pictorial  History  of  the  Great  Dayton  Flood;  a  pamphlet  pub- 
lished in  Hamilton,  entitled  The  Flood  Disaster;  a  book  of  flood 
views  published  by  the  Pennsylvania  Railroad,  The  History  of  the 
Flood  of  March,  1913 ;  the  May,  1913,  Flood  Edition,  of  the  Bell 
Telephone  News;  and  various  personal  experiences  related  by  eye 
witnesses. 
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Miami  &  Erie  Canal.  Small  scale  map  and  condensed  profile, 
and  small  scale  maps  of  the  Lewiston,  Loramie,  and  Grand  Reser- 
voirs. 

DATA  REQUIRED 

The  task  of  collecting  and  examining  all  of  this  material, 
though  in  itself  quite  important,  was  but  a  small  beginning  in  the 
systematic  study  of  the  problem.  An  idea  of  the  scope  of  the  work 
which  confronted  the  engineers,  is  perhaps  best  obtained  from  the 
following  brief  outline  taken  from  the  written  instructions  issued 
by  Mr.  Morgan  to  the  field  and  oflice  forces  at  the  commencement 
of  the  work. 

Surveys 

Paint  highwater  marks. 

Run  base  lines  entire  length  of  valleys. 

Locate  and  tie  to  U.  S.  Geological  Survey  bench  marks. 

Take  levels  on  highwater  marks. 

Locate  flood  lines  of  1913  fiood. 

Meander  river  channels. 

Obtain  cross  sections  of  the  valley  and  of  the  river. 

Make  topographic  surveys  of  cities  in  flood  plain. 

Obtain  levee  profiles. 

Make  soil  boring  surveys  for  channel  improvements. 

Hydraulic  Investigations 

Check  highw-ater  marks  and  secure  additional  ones. 
Measure  bridge  openings  and  secure  highwater  marks. 
Cross  section  the  river  flood  plain. 
Make  discharge  measurements. 
Make  determinations  of  Kvitter's  n. 
Secure  evidence  on  velocity  of  flood  How. 
Secure  evidence  concerning  time  of  flood  crests. 
Construct  flood  hydrographs. 

Office  Work 

Prepare  maps  of  the  Miami  drainage  basin. 

Compile  rainfall  records  of  previous  great  storms. 

Plat  rainfall  contours  on  maps. 

Trace  map  of  Dayton  to  form  base  for  topographic  map. 

Plat  field  surveys,  maps,  cross  sections,  etc. 

Compute  valley  storage  capacity. 

Trace  county  highway  maps  and  show^  drainage  ditches. 

Prepare  maps  for  areas  not  covered  by  U.  S.  G.  S.  maps. 


HISTORY  OF  MIAMI  FLOOD  CONTROL  PROJECT  85 

Develop  plans  and  estimates  for : 

Protection  at  Dayton  by 
Channel  improvement 
Channel  diversions 
Reconstructing  bridges 
Temporary  levee  repairs  and  revetment 
Diversion  into  Little  Miami  River 
Diversion  of  Mad  into  Miami  and  Stillwater  Rivers 
Diversion  of  Stillwater  into  Miami  River 
Diversion  of  Miami  into  Stillwater  River 

Protection  at  Piqita 
Wolf  Creek  improvement 
Protection  at  Trov 

Determine  legal  and  physical  status  of  M.  &  E.  Canal. 
Report  on  clearing  river  channel. 
Investigate  European  methods  of  flood  prevention. 
Investigate  methods  of  assessing  cost  of  such  improvements. 
Out  ine  policy  of  keeping  public  informed. 

General 

Take  photographs  showing  flood  damages  and  effects. 
Collect  information  from  witnesses  of  the  flood. 
Secure  data  on  flood  damage. 
Make  valuation  of  real  estate. 
Make  further  search  for  pertinent  maps  and  data. 
Cooperate  with  U.  S.  Weather  Bureau  in  establishing  rainfall 
and  river  stations  and  developing  a  flood  warning  service. 

HIGHWATER  MARKS 

The  flood  of  March,  1913,  left  behind  it  an  abundance  of  evi- 
dence as  to  the  height  reached  by  its  muddy  waters.  It  was  real- 
ized that  this  evidence,  when  properly  interpreted,  would  be  of  great 
value.  It  was  therefore  decided  to  locate  and  paint  a  number  of  the 
highwater  marks  to  preserve  them  for  future  reference.  This  was 
done  in  a  methodical  manner  by  a  force  of  from  eight  to  twelve  men 
working  about  two  weeks.  Little  difficulty  was  experienced  in  de- 
tecting the  marks,  the  most  satisfactory  ones  being  found  on  trees, 
or  on  the  inside  walls  of  buildings.  On  many  trees  very  definite 
marks  could  be  found  months  after  the  flood,  by  peeling  off  the 
outer  bark.  The  lodging  of  grass  and  root  fibres  in  some  cases  so 
clearly  defined  the  height  reached  by  the  flood  that  the  heading  up 
of  the  water  on  the  upstream  side  of  a  tree  could  be  measured. 
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Marks  were  painted  at  frequent  intervals  in  the  Miami.  Mad,  Still- 
water, and  Wolf  Creek  Valleys,  and  each  was  assigned  a  key  num- 
ber, and  described  in  the  field  notes.  Their  elevations  were  obtained 
later  by  means  of  levels  connecting  with  the  U.  S.  Geological  Sur- 
vey bench  marks,  and  the  location  and  elevations  were  entered  on 
the  topographic  maps  described  elsewhere  in  this  report. 

These  highwater  marks  were  very  important  as  a  source  of  in- 
formation. With  their  aid  it  was  possible  to  trace  accurately  the 
highwater  lines  or  so-called  flood  lines,  and  these  in  turn  served  to 
define  the  exact  extent  of  the  lands  flooded.  Taken  in  conjunction 
with  the  topographic  maps,  they  showed  the  depths  of  flooding  and 


FIG.  20.— BRIDGE  SITE  ON  THE  SPRINGBORO  ROAD  BELOW 

DAYTON. 

View  taken  in  the  summer  of  1913. 


SO  enabled  the  engineers  to  compute  the  amount  of  water  stored  in 
the  valley  at  the  height  of  the  flood.  They  furnished  the  basic  in- 
formation necessary  for  the  appraisal  of  benefits  and  damages  to 
property  accruing  from  the  adopted  plan  of  flood  control.  By  indi- 
cating the  slopes  of  water  suriaces  and  river  stages  they  were  of 
prime  value  in  computing  the  maximum  discharge  of  the  Miami 
River  and  of  its  principal  tributaries.  For  the  latter  purpose  a  large 
number  of  additional  highwater  marks  were  later  established  by  a 
field  party  assigned  to  hydraulic  investigations. 


HISTORY  OF  MIAMI  FLOOD  CONTROL  PROJECT  87 

FLOOD  LINES  AND  RIVER  MEANDERS 

While  the  highwater  marks  were  being  painted  field  parties 
were  organized  for  making  flood  line  and  river  meander  surveys. 
The  object  of  these  surveys  was  to  determine  accurately  the  loca- 
tions of  the  flood  lines  with  respect  to  topography  and  property 
lines,  to  map  the  bed  and  banks  of  the  river  channel,  and  to  obtain 
such  data  as  would  enable  a  study  of  channel  improvements  to  be 
made.  This  work  was  divided  into  four  main  sections,  as  follows, 
each  of  which  w^as  assigned  to  one  field  party : 

Miami  Valley  north  from  Dayton 

Stillwater  Valley 

Mad  River  Valley  and  Wolf  Creek 

Dayton  and  the  Miami  Valley  south  from  Dayton 

Each  party  was  composed  of  2  instrumentmen,  one  of  whom 
acted  as  chief  of  party,  and  4  to  6  rodmen.  The  instrument  equip- 
ment consisted  of  a  transit  and  a  dumpy  level  on  which  was 
mounted  a  4-inch  compass.  The  procedure  was  to  first  run  a  base 
transit  line  up  the  valley  along  any  railroad  or  highway  whose  loca- 
tion was  such  that  the  later  surveys  could  be  readily  tied  to  the  base 
line.  Distances  were  read  by  stadia.  Wherever  practicable,  the 
transit  points  were  set  near  highway  crossings,  culverts,  bridges,  or 
buildings  in  such  locations  as  could  be  readily  described  and  identi- 
fied. 

Following  the  establishment  of  the  base  line,  work  was  com- 
menced locating  the  flood  lines,  one  section  of  the  party  working  on 
each  side  of  the  valley,  but  tying  their  work  together  at  intervals. 
Distances  were  taken  by  stadia,  the  dumpy  levels  being  provided 
with  stadia  wires  for  this  purpose.  The  elevations  of  all  the 
painted  highwater  marks  were  determined  and  the  flood  margin  on 
each  side  of  the  valley  was  traced  out.  Stadia  observations  were 
taken  to  show  the  general  topography  of  the  valley,  location  of 
houses,  etc.,  and  to  locate  the  edge  of  the  valley  floor.  Bench  marks 
were  set  at  approximately  half  mile  intervals  and  at  crossings  of 
any  highway,  railroad,  or  creek. of  importance.  The  work  was  tied 
to  section  and  property  corners,  U.  S.  Geological  Survey  bench 
marks,  railroad  and  highway  crossings,  and  to  the  base  line  survey. 

River  meandering  was  also  done  by  the  level  and  compass 
m.ethod.  The  usual  arrangement  was  for  one  section  of  the  party 
to  make  the  river  survey  proper,  including  cross  sections  of  the 
channel,  and  for  the  other  section  to  take  cross  sections  of  the  val- 
ley. The  river  survey  included  the  location  of  back  channels,  is- 
lands, bars  and  accumulations  of  drift,  and  taking  notes  as  to  the 
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condition  of  the  channel.  Cross  sections  of  the  latter  were  taken 
1500  to  2000  feet  apart,  and  at  places  where  there  were  marked 
changes  in  width  or  depth.  These  were  taken  with  hand  level  and 
tape,  checking  the  distance  across  the  channel  by  stadia.  Valley 
cross  sections  were  taken  at  approximately  2-mile  intervals,  by 
means  of  a  level  and  compass  line.  These  sections  were  begun  at  a 
flood  line  bench  mark,  were  extended  50  to  75  feet  in  elevation  above 
the  flood  line ;  then,  running  across  the  valley,  were  tied  to  the  river 
meander  survey,  to  the  base  transit  line,  to  the  flood  line  on  the 
opposite  side  of  the  valley,  and  were  again  extended  50  to  75  feet  in 


-SITE  OK  HIGHWAY  BRIDGE  OVER  TWIN  CREEK, 
ken  in  June,  1913.    Note  the  damaged  condition  of  the  pier  and 


elevation  above  the  flood  line.  Highways  and  railroads  crossing 
the  valley  were  located  by  a  level  and  compass  line,  noting  the  size 
and  character  of  embankments,  rjridges,  culverts,  etc.,  and  also  the 
extent  to  which  they  were  damaged  by  the  flood. 

In  the  cities  the  channel  survey,  particularly  the  topographic 
work,  was  executed  in  much  greater  detail.  The  first  work  of  this 
kind  was  undertaken  at  Piqua,  where  prospective  water  works  con- 
struction made  it  urgent  to  develop  plans  for  flood  control  as  quickly 
as  possible.     The  work  in  Dayton  included  a  stadia  topographic 
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survey  of  the  river  channel,  cross  sections  of  the  channel,  levels  oti 
street  lines,  filling  in  topography  with  hand  level,  and  stadia 
topography  in  some  of  the  outlying  parts  of  the  city  which  had  not 
been  previously  mapped. 

During  the  progress  of  the  early  surveys  it  was  discovered  that 
in  some  cases  highway  bridges  were  being  reconstructed  or  re- 
placed without  adequate  plans,  or  without  regard  for  some  of  the 
lessons  taught  by  the  flood.  A  field  examination  was  made  of 
highway  bridges  and  of  the  flood  damages  sustained  by  such  struc- 
tures, and  recommendations  were  made  for  their  repair  and  recon- 
struction and  for  the  construction  of  temporary  structures  to  pro- 
vide emergency  relief  for  river  crossings.  Numerous  photographs, 
of  which  figures  20,  21,  and  22  are  typical,  were  secured  showing  the 
effeqts  and  damage  of  the  flood  at  different  places  in  the  valley,  and 
copies  of  such  city  maps  and  other  local  engineering  data  as  was 
available  were  also  obtained. 

MEASUREMENTS  OF  THE  1913  FLOOD 

No  actual  measurements  oi  flood  velocity  had  been  made  during 
the  1913  flood.  Estimates  of  discharge  obtained  from  different 
sources  were  found  to  be  widely  at  variance,  and  even  the  observa- 
tions as  to  time  of  passage  of  the  crest  of  the  flood  at  various 
places  in  the  valley,  obtained  from  apparently  competent  eye  wit- 
nesses, were  so  conflicting  that  little  dependence  cou'.d  be  placed  on 
them.  The  need  -for  an  accurate  determination  of  flood  flow  was 
apparent  at  the  outset  and  it  was  planned  in  such  manner  as  to  yield 
results  of  unquestioned  reliability.  The  necessity  for  such  a  course 
was  obvious  in  view  of  the  importance  of  this  data  in  connection 
with  the  design  of  adequate  flood  control  works. 

During  the  summer  and  fall  of  1913,  from  two  to  eight  months 
subsequent  to  the  flood,  a  party  was  assigned  to  make  detailed  hy- 
drographic  surveys  at  selected  places  for  determining  the  maximum 
rates  of  flood  flow.  This  party  moved  from  place  to  place  working 
out  each  location  separately,  their  individual  surveys  being  later 
tied  in  to  the  general  surveys.  These  hydrographic  surveys  con- 
sisted principally  in  measurements  of  valley  and  channel  cross  sec- 
tions and  of  the  surface  slope  of  the  flood,  to  be  used  in  computing 
the  discharge  by  stream  flow  formulas;  and  of  measurements  of 
cross  section  and  water  surface  drop  at  places  where  bridges  or 
other  obstructions  produced  a  considerable  contraction  in  the  cross 
section  of  the  stream,  to  be  used  in  determining  the  flood  discharge 
by  the  contracted  opening  method.    Surveys  were  made  at  a  total 


90  MIAMI  CONSERVANCY  DISTRICT 

of  23  places  located  as  follows:  5  on  the  Miami  River  above  Day- 
ton, 4  on  Stillwater  River,  2  on  Mad  River,  2  on  the  Miami  River 
below  Dayton,  and  10  on  various  small  tributaries.  The  methods 
employed  and  the  results  obtained  are  described  in  detail  in  Part 
IV  of  the  Technical  Reports,  entitled  Calculation  of  Flow  in  Open 
Channels. 

In  collecting  data  for  the  slope-area  calculations,  highwater 
lines  were  run  along  the  edges  of  the  valley  and  along  the  banks  of 
the  river;  and  typical  cross  sections  300  to  80O  feet  apart,  depending 
upon  the  conditions  at  the  particular  location,  were  taken  at  right 


FIG.  22— SITE  OF  HIGHWAY  BRIDGE  AT  WEST  MILTON. 

View  taken  in  the  summer  of  1913.  Note  sunken  pier  and  wrecked 
trusses  and  bridge  floor.  When  the  flood  was  highest  the  water  reached  to 
the  place  where  the  lower  man  is  standing. 

angles  to  the  direction  of  flow.  All  available  highwater  marks  were 
secured.  Notes  were  taken  concerning  character  of  timber,  condi- 
tions of  the  bottom  of  the  valley  and  river,  fences,  levees,  buildings, 
railroads,  public  roads,  and  any  other  natural  or  artificial  conditions 
that  might  affect  the  flow  of  the  stream.  Resides  noting  these 
various  features,  probable  values  of  roughness  factor  n  in  Kutter's 
formula  were  recorded  for  the  overflow  areas  and  main  channel  of 
each  cross  section.  Before  the  final  computations  were  made  these 
values  of  the  factor  n  were  revised  by  Mr.  Morgan  and  Mr,  Wood- 
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ward  from  their  experience  in  the  use  of  Kutter's  formula.  Careful 
effort  was  made  to  base  the  value  of  this  factor  upon  the  actual  con- 
dition; as  noted  on  the  grouild,  entirely  independent  of  the  con- 
sistency of  the  results  obtained. 

The  surveys  at  the  contracted  openings  consisted,  for  the  most 
part,  of  detailed  soundings  and  determinations  of  flood  surface.  Re- 
liable highwater  marks  in  sufficient  number  to  determine  the  aver- 
age slope  above  the  drop-off,  the  drop-olf  curve  itself,  the  lowest 
part  of  the  trough,  the  standing  wave,  and  the  ge,t-away  slope,  were 
secured.  Soundings  were  taken  along  sections  between  upstream 
and  downstream  edges  of  abutments,  along  lines  just  above  and  just 
below  the  openings,  and  at  enough  points  to  locate  the  maximum 
scour,  edges  of  holes,  and  general  bottom  of  the  river.  Where  sur- 
veys for  slope-area  calculations  had  not  been  made  in  the  valley 
just  above  the  contraction,  a  typical  valley  cross  section,  for  Itse  in 
estimating  velocity  of  approach,  was  secured.  Notes  were  recorded 
concerning  the  nature  of  the  bottom,  the  condition  of  abutments, 
conditions  above  and  below  the  opening,  and  any  other  features 
that  might  affect  the  flow. 

LOCAL  SURVEYS  FOR  IMMEDIATE  RELIEF 

As  the  surveys  progressed  the  city  of  Troy  found  that  its  flood 
problem  was  partly  of  a  local  character  and  might  be  remedied  in  a 
short  time  at  no  great  expense.  The  city  officials  decided  to  under- 
take this  work  at  once,  and  not  wishing  to  burden  the  Dayton  or- 
ganization with  it  they  independently  engaged  the  Morgan  Engi- 
neering Company  to  make  plans  £or  the  improvement.  This  re- 
sulted in  the  construction  during  the  winter  of  1913-1914  of  a  ditch 
and  levee  along  the  north  side  of  the  city,  which  protected  the  west 
side  of  the  city  from  the  local  hill  runoff.  This  runoff  had  caused 
frequent  damage  in  the  west  side  during  the  storms  of  only  moder- 
ate intensity,  and  the  ditch  and  levee  have  protected  this  section 
against  a  number  of  freshets  since  its  construction.  The  work  was 
built  by  Miami  County  under  the  supervision  of  the  county  engi- 
neer. It  was  later  made  part  of  the  main  plan  for  flood  control 
adopted  by  The  Miami  Conservancy  District. 

In  the  city  of  Hamilton  there  existed  a  similar  local  flood  situa- 
tion  from  which  it  was  desired  to  secure  immediate  relief.  Surveys 
and  estimates  for  a  levee  construction  to  protect  against  ordinary 
floods  were  completed  early  in  1914.  These  were  made  by  the  Mor- 
gan Engineering  Company  in  harmony  with  the  main  plan  for  flood 
control  so  far  as  this  main  plan  could  be  developed  at  that  time. 
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The  protection  recommer.ded  consisted  essentially  of  a  levee  system 
along  the  north  side  of  the  city-  This  was  constructed  in  the  spring 
of  1914  by  the  Hamilton  Flood  Emergency  Commission. 

In  Dayton  there  was  an  insistent  demand  that  actual  construc- 
tion be  started  immediately  to  improve  the  river  channels  and 
strengthen  the  levees  through  the  city.  This  demand  was  met  by 
making  a  rapid  survey  of  the  channel  condition  as  to  bars,  islands, 
brush,  trees,  and  other  obstructions  that  might  be  removed,  see 
figure  25,  and  by  determining  where  existing  levees  required 
strengthening.  .\s  soon  as  the  necessary  data  was  available,  con- 
tracts were  let  for  the  removal  of  growths  of  brush  and  trees  in  the 


FIG.  23.— LOOKING  UNDER  THE  DAYTON  VIEW  BRIDGE. 
View  taken  in  the  summer  ol  1913.     Bars,  brush,  and  old  piling  obstruct 
the  channel. 

channel  and  the  repairing  and  raising  of  the  levees  to  a  uniform 
grade.  This  work  increased  the  effective  channel  capacity  by  about 
twenty  per  cent. 

RESULTS  OF  EARLY  SURVEYS 

The  flood  line,  river  meander,  and  hydraulic  surveys  above  de- 
scribed were  completed  in  the  late  summer  of  1913.  The  results 
were  platted  on  maps,  tables,  and  diagrams  for  office  computations, 
and  afforded  the  first  authoritative  data  for  use  in  the  preliminary 
planning  of  various  methods  of  flood  control.    They  furnished  defi- 
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nate  data  as  to  the  flood  flow  during  the  1913  flood,  the  height  and 
time  of  the  flood  crest  at  various  places,  a  comparison  of  this  flood 
with  previous  floods,  the  area  of  city  and  country  lands  submerged; 
an  approximate  estimate  of  damage  sustained,  approximate  flood 
velocities,  volume  of  water  stored  in  the  flood  plain  of  the  valley, 
the  general  character  and  configuration  of  the  watershed,  and  the 
improvements  that  had  been  built  in  the  path  of  the  flood.  This 
permitted  careful  studies  and  comparisons  of  various  plans  to  be 
made,  the  most  important  result  of  which  was  the  establishment  of 
the  fact  that  the  cost  of  any  effective  form  of  channel  improvement 
alone  would  be  excessive  if  not  altogether  prohibitive,  and  that  a 
satisfactory  solution  would  probably  necessitate  the  cooperation  of 
the  entire  valley.  Another  important  result  was  the  discovery  that 
the  valley  contained  several  apparently  excellent  retarding  basin 
sites.  This  caused  the  attention  to  become  focussed  on  retarding 
basin  control  as  a  means  of  flood  reduction,  and  a  little  later  led  the 
Flood  Prevention  Committee  to  authorize  the  survey  of  possible 
sites.  The  tentative  results  of  these  early  surveys  was  definitely 
outlined  in  the  preliminary  reports  of  the  Morgan  Engineering 
Company  and  of  the  consulting  board,  given  in  the  preceding  chap- 
ter. 

TOPOGRAPHIC  SURVEYS 

Each  of  the  various  retarding  basin  sites  offered  several  alter- 
native locations  for  a  dam.  After  selecting  the  basins  which  seemed 
to  give  the  greatest  promise  as  to  efficient  storage,  reasonable  cost 
of  construction,  and  non-interference  with  railroads,  towns,  and 
other  improvements  in  the  valley,  topographic  surveys  were  made 
of  the  more  favorable  damsites  at  each  of  the  basins  in  order  to  de- 
termine which  seemed  best,  and  to  assist  also  in  making  preliminary 
estimates  of  cost  of  construction.  This  class  of  topography  was 
taken  by  the  stadia  method  in  considerable  detail,  allowing  the 
mapping  of  1-foot  contour  intervals  on  flat  ground,  and  2  to  S-foot 
intervals  on  steep  slopes.  Thus  fairly  accurate  projections  could 
be  made  of  the  proposed  structures,  and  also  close  comparisons  of 
the  alternative  locations. 

As  the  investigation  of  these  sites  progressed,  the  feasibility  of 
retarding  basin  control  became  more  apparent,  and  it  was  decided 
to  make  detailed  topographic  surveys  of  the  more  promising  basins 
in  order  to  make  more  accurate  determinations  of  their  relative  effi- 
ciency and  cost.  The  proposed  Taylorsville  Retarding  Basin,  on  ac- 
count of  its  large  capacity  and  its  location  on  the  main  stream  above 
Dayton,  seemed  one  of  the  most  important  of  these  locations  and 
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was  the  first  to  be  surveyed.     Following  this  the  Eriglewood  Re- 
tarding Basin  on  Stillwater  River,  the  Huffman  Basin  on  lower 
'  Mad  River,  the  Upper  Basin  on  the  Mad  River  near  Springfield,  the 
Lockington  Basin  on  Loramie  Creek,  the  Germantown  Basin  on 
Twin  Creek,  and  other  sites  were  surveyed  in  a  similar  manner, 
nethod  of  making  these  surveys  was  similar  to  that 
:arly  topographic  work.     The  party  consisted  of  an 
n,  a  recorder,  and  three  to  five  rodmen.    The  general 
i  to  survey  a  belt  on  each  side  of  the  river  and  one 
irgin  of  the  basin.    Any  intervening  gaps  on  the  flat 
en  these  belts  were  then  filled  in.     The  aim  of  this 
;et  the  topography  in  sufficient  detail  to  show  1-foot 
als  on  the  fiat  ground  and  2  to  5-foot  intervals  on  the 
Notes  were  also  taken  to  show  the  location  of  build- 
ings, bridges,  drainage  ditches,   railroads,  highways,   canals,  and 
other  topographic  features.     As  the  work  in  the  retarding  basins 
was  completed  similar  surveys  were  made  of  the  sections  of  valley 
between  and  below  the  basins  so  that  eventually  a  complete  topo- 
graphic survey  of  the  entire  valley  became  available.     The  topo- 
graphic surveys  previously  made  in  the  valley  by  Butler  County 
were  made  use  of  in  this  connection  wherever  the  results  were 
found  to  be  in  suflncient  detail. 

The  general  method  of  procedure  for  keeping  notes  and  the  data 
to  be  secured  were  practically  the  same  for  all  of  these  surveys. 
Each  chief  of  party  was  given  a  set  of  general  instructions,  which 
was  supplemented  by  special  instructions  for  his  particular  survey. 

The  surveys  were  plotted  on  maps  as  the  notes  became  avail- 
able. Maps  of  the  damsites  were  made  on  a  scale  of  200  feet  to  1 
inch  and  those  of  the  retarding  basins  and  flood  plain  of  the  valley 
on  a  scale  of  500  feet  to  1  inch.  On  these  detailed  maps  were  shown 
every  item  of  information  that  was  recorded  in  the  field  notes,  the 
principal  features  being  contour  lines,  highways,  railroads,  canals, 
drainage  ditches,  property  lines,  buildings,  bridges,  and  embank- 
ments. In  some  cases  the  dimensions  of  streams  or  channels  were 
indicated  by  showing  the  top  width  as  the  numerator  and  the  bot- 
tom width  as  the  denominator,  respectively,  of  a  fraction,  followed 
by  a  unit  indicating  the  depth.  As  the  progress  of  the  work  permit- 
ted, these  maps  were  transferred  to  tracing  cloth  so  that  blue  prints 
could  be  made  for  detailed  studies,  computations,  and  estimates. 
The  results  of  the  surveys  have  thus  been  preserved  in  the  form  of 
original  notes,  detailed  maps,  and  tracings.     The  detailed  sheets 
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were  usually  mounted  on  linen  to  make  them  more  durable.    The 
maps  were  made  on  28  by  42-inch  sheets. 

RAILROADS  AND  HIGHWAYS 

As  the  retarding  basin  plan  of  flood  control  began  to  take  definite 
shape,  and  the  relative  merits  of  various  combinations  of  basins, 
spillway  elevations,  and  outlet  capacities  were  being  considered  and 
compared,  it  became  necessary  to  make  detailed  surveys  for  the  re- 
location of  highways,  steam  railroads,  and  electric  lines.  These  sur- 
veys were  at  first  of  a  preliminary  character,  but  as  the  study  nar- 
rowed down  to  a  close  comparison  of  the  more  feasible  locations 
and  combinations  it  required  increasingly  more  detailed  data  to 
work  with.  The  highway  relocations  were  of  a  somewhat  inciden- 
tal nature,  but  the  changes  in  the  railroads  and  electric  lines  neces- 
sitated by  the  proposed  retarding  basin  construction  offered  more 
serious  problems.  These  changes  involved  a  cost  of  several  million 
dollars,  and  in  many  cases  it  was  a  very  difficult  question  to  decide 
just  what  degree  of  protection  must  be  provided  against  slight 
flooding  at  very  long  intervals.  Other  problems  were  the  balancing 
of  slight  variations  in  alignment  to  guard  against  cost  of  con- 
struction and  operating  expenses.  In  some  cases  the  railroads 
wished  to  avail  themselves  of  the  opportunity  oflfered  by  the  pro- 
posed relocation  to  make  some  improvements  in  their  lines.  The 
studies  for  this  purpose  required  accurate  preliminary  surveys,  fol- 
lowed by  a  number  of  location  surveys,  and  the  making  of  a  number 
of  test  borings  at  the  Huflfman  damsite  to  determine  the  character 
of  material  in  a  proposed  deep  cut  in  that  locality. 

The  surveys  were  made  by  the  usual  railroad  survey  method, 
taking  hand  level  and  tape  topography  from  a  preliminary  transit 
line  along  which  accurate  levels  had  been  taken.  This  topography 
was  plotted  on  detail  maps  to  a  scale  of  200  feet  to  1  inch  upon 
which  were  made  various  trial  paper  locations.  Estimates  were 
made  on  many  different  locations  before  the  final  location  was 
adopted.  The  various  railroad  and  electric  line  companies  were 
kept  fully  informed  concerning  the  surveys  and  were  given  access 
to  all  the  maps,  profiles,  and  other  data  developed  from  them. 

At  a  later  time  it  was  found  necessary  to  make  additional  sur- 
veys of  the  existing  lines  of  steam  and  electric  railroads  to  make  an 
appraisal  of  benefits  and  damages  to  be  assessed  against  these  prop- 
erties by  reason  of  the  construction  of  the  proposed  flood  control 
work. 
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A  complete  field  survey  was  also  made  to  note  the  damage  that 
had  been  caused  to  highways,  railroads,  and  electric  lines  by  the 
1913  flood,  particular  attention  being  given  to  the  damaged  bridges. 
Data  was  also  collected  and  classified  showing  the  frequency  and 
extent  of  flooding  of  railroads  and  highways  in  the  past. 

PROPERTY  SURVEYS 

Thousands  of  properties  were  to  be  aflfected  by  the  construction 
of  the  proposed  works  and  it  was  evident  that  an  adequate  descrip- 
tion would  be  required  for  each  in  connection  with  the  appraisal  of 
benefits  and  damages.  Many  of  the  descriptions  contained  in  the 
county  records  were  found  to  be  inadequate  for  this  purpose  and  in 
many  cases  the  maps  and  plats  available  were  too  old  or  incomplete 
to  be  of  use.  A  property  survey  was  therefore  made  covering  prac- 
tically the  entire  extent  of  country  lands  within  the  flood  plain  of 
the  valley,  and  a  considerable  amount  of  similar  work  was  done  ad- 
jacent to  the  river  channels  through  the  cities  and  towns.  The  field 
notes  were  platted  on  maps,  to  a  scale  of  500  feet  to  1  inch,  which 
were  checked  against  the  records  and  maps  found  available  in  the 
court  houses  of  the  counties  involved.  These  maps  were  made  on 
sheets  28  by  42  inches  in  size,  were  traced  as  they  were  completed, 
and  have  been  revised  from  time  to  time  to  show  the  transfers  of 
property  that  have  taken  place  since  they  were  first  made.  The 
principal  features  shown  are  the  property  lines,  roads,  railroads, 
buildings,  and  streams.  Certain  flood  lines  were  added  later  to  aid 
in  making  the  appraisal  of  benefits  and  damages.  Chief  among 
these  lines  are  the  highwater  line  of  the  1913  flood,  the  highwater 
line  of  the  1898  fl9od,  and  the  theoretical  highwater  line  of  a  flood 
equal  in  magnitude  to  that  of  1913  but  reduced  by  the  proposed 
flood  control  works.  In  addition  to  these,  there  were  shown  on  the 
maps  of  the  retarding  basins  contour  lines  representing  the  com- 
puted water  level  for  a  flood  about  40  per  cent  greater  than  that  of 
1913. 

It  is  important  to  note  that  the  work  here  described  was  initi- 
ated more  than  a  year  before  the  formal  establishment  of  The  Mi- 
ami Conservancy  District.  There  was  no  question,  however,  as  to 
what  was  needed,  for  the  conservancy  act  specifically  provided  for 
the  manner  in  which  any  proposed  improvement  was  to  be  paid  for 
by  special  assessment.  It  also  provided  for  compensating  property 
holders  whose  property  would  have  to  be  taken  or  damaged.  It  was 
evident  at  the  outset  that  a  vast  amount  of  information  was  needed 
to  meet  these  requirements,  and  the  work  of  gathering  this  informa- 
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tion  was  therefore  started  early  to  avoid  unnecessary  delay  after 
the  organization  of  the  conservancy  district  should  be  affected.  In 
doing  this  every  effort  was  made  to  foresee  the  working  out  of  the 
provisions  of  the  act  and  prepare  for  this  in  advance.  The  wisdom 
of  this  course  is  apparent  when  it  is  realized  that  over  65,000  prop- 
erties in  the  valley  were  affected  by  the  plans. 

LAND  APPRAISALS 

The  manner  in  which  the  district  would  have  to  proceed  to  ac- 
quire ownership  of,  or  flood  easement  over,  land  in  the  basins  was 
of  vital  and  immediate  importance  because  an  intelligent  estimate 
of  the  cost  of  the  several  retarding  basins  could  not  be  arrived  at 
without  an  estimate  of  the  cost  of  the  land  within  the  basins.  The 
preliminary  estimates  were  based  on  rather  hurried  and  casual  ex- 
amination of  the  assessed  valuations  appearing  on  tax  duplicate  and 
on  general  information  obtained  from  real  estate  dealers,  farmers, 
and  other  sources.  It  was  considered  important  to  confirm  these 
estimates  in  a  more  thorough  manner  and  for  this  purpose  an  ap- 
praisement survey  was  made  in  C)ctober  and  November,  1914,  of 
the  lands  and  buildings  within  the  proposed  Englewood  Retarding 
Basin  situated  on  the  Stillwater  River. 

A  field  inspection  was  made  of  all  the  properties  lying  within  the 
proposed  basin,  using  white  print  copies  of  the  topographic  maps  on 
which  to  record  observations  and  on  which  the  property  lines  had 
been  transferred  from  the  property  maps.  Usually  each  property 
could  be  divided  into  two  or  more  classes  such  as  tillable,  pasture, 
woodland,  waste  land,  etc.,  for  each  of  which  a  unit  price  per  acre 
was  determined.  Field  notes  were  made  on  the  ground  as  to  the 
nature  of  the  soil,  size,  kind,  and  condition  of  improvements,  local 
conditions  likely  to  affect  the  value  of  the  land,  local  information 
as  to  recent  transfers,  flood  conditions,  nearness  to  towns,  and  any 
other  factors  which  might  have  a  bearing  on  the  market  value. 
This  information  was  considered  independently  by  each  of  the 
three  men  making  the  appraisal  and  each  one  made  an  independent 
notation  as  to  his  own  appraisal  of  the  present  value  of  the  property, 
based  upon  the  information  resulting  from  the  inspection.  These 
estimates  were  later  tabulated  and  averaged  in  the  office  and  com- 
pared with  the  assessed  valuations. 

This  survey  furnished  a  reliable  check  on  the  preliminary  esti- 
mate of  the  value  of  the  lands  within  the  basins,  and  was  helpful  in 
indicating  the  probable  time  and  cost  involved  in  making  the  final 
appraisal.     It  also  established  a  definite  relation  between  the  as- 
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sessed  valuation  appearing  on  the  tax  duplicate  and  the  probable 
present  market  value. 

SUBSURFACE  INVESTIGATIONS 

The  consideration  of  retarding  basins  as  a  possible  means  of 
reducing  flood  flow  raised  the  question  as  to  what  types  of  dams 
would  be  best  adapted  for  the  various  sites.  The  answer  to  this 
question  being  largely  governed  by  the  character  of  the  founda- 
tions, it  became  necessary  to  investigate  the  materials  underlying 
the  damsites  and  ascertain  if  possible  the  depth  to  bed  rock. 

The  first  subsurface  work  undertaken  was  that  of  making  wash 
borings  and  diamond  drill  core  borings  to  assist  in  a  preliminary 
survey  for  the  location  of  the  various  damsites.  This  work  was  let 
by  contract  to  Giles  and  Clark,  of  New  York  City,  was  begun  in 
December,  1913,  and  was  completed  in  June  of  the  following  year. 
About  10,000  lineal  feet  of  wash  borings  and  1500  feet  of  diamond 
drill  borings  were  made  at  various  sites,  including  89  holes  at  the 
Taylorsville,  80  holes  at  the  Englewood,  31  holes  at  the  Huffman, 
19  holes  at  the  Port  Jefferson,  and  88  holes  at  the  Germantown 
damsite.  These  holes  were  sunk  to  depths  ranging  from  4  to  170 
feet.  They  were  usually  made  along  a  line  across  the  valley  on  the 
location  of  a  tentative  damsite,  wMth  a  number  of  holes  grouped 
around  the  probable  spillway  and  outlet  conduit  locations.  They 
were  not  sufficient  in  number  to  give  exact  data  for  design  and, 
plans,  but  gave  general  information  as  to  the  existence  of  rock,  its 
depth  from  the  surface,  its  character  and  that  of  the  materials  over- 
lying it.  This  information  aided  materially  in  determining  the  most 
favorable  locations  for  the  dams,  although  in  some  cases  the  final 
choice  could  not  be  made  until  a  more  complete  subsurface  investi- 
gation had  been  made. 

The  final  design  and  specifications  for  the  structures,  as  well  as 
their  exact  location  on  the  ground,  required  a  more  definite  knowl- 
edge of  subsurface  conditions.  This  was  true  not  only  for  the  dams 
but  for  structures  to  be  built  for  Hood  protection  at  other  places 
in  the  valley.  For  this  purpose  additional  borings  and  test  pits 
were  made,  and  many  samples  of  materials  were  secured  for  com- 
parison, for  testing,  and  for  preservation  as  a  permanent  record  of 
underground  conditions.  The  area  thus  examined  included  dam- 
sites, spillway  and  conduit  locations,  borrow  pits,  sites  of  channel 
improvements,  and  railroad  and  highway  cuts  and  borrow  pits. 
The  necessary  boring  equipment  was  purchased  by  the  district,  and 
the  work  was  done  by  force  account. 
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The  total  number  of  borings  and  holes  sunk  during  these  oper- 
ations was  as  follows : 

At  damsites  and  vicinity 479 

At  river  banks  and  channel 233 

At  railroad   relocations 13 

At  highway  relocations 105 

These  included  wash  borings,  core  borings,  auger  borings,  and  sand 
pump  holes.  More  than  2000  samples  secured  during  this  work 
have  been  preserved  and  are  still  available  for  inspection,  together 
with  complete  records  giving  the  depth,  location,  and  other  data 
concerning  each.    A  detailed  description  of  the  methods  and  appli- 

* 

ances  used  and  results  obtained  will  appear  in  a  later  volume  of  this 
series. 

The  number  of  holes,  their  location  and  depth,  and  the  amount 
of  test  pit  work  done  was  governed  largely  by  the  development  of 
conditions  as  the  w'ork  progressed.  Some  sites  required  relatively 
few  borings  to  develop  the  nature  of  subsurface  conditions  suffi- 
ciently to  meet  the  requirements  of  the  work.  At  other  places,  as 
for  instance  where  it  was  important  to  determine  rock  contours  with 
considerable  accuracy,  holes  were  spaced  at  frequent  intervals. 
Auger  borings,  wash  borings,  and  test  pits  were  used  to  investigate 
the  borrow'  pit  areas  from  which  it  w^as  proposed  to  take  material 
to  build  the  dams.  Levee  sites  and  railroad  and  highway  work 
were  examined  by  wash,  core,  and  auger  borings,  and  by  test  pits, 
and  all  of  these  methods  were  applied  to  the  foundations  of  pro- 
posed dams  and  their  vicinity.  '  The  sand  pump  and  test  pits  were 
used  also  to  investigate  the  extent  and  nature  of  sand  and  gravel 
deposits  available  for  concrete  construction  purposes.  In  addition 
to  the  boring  and  test  pit  work,  a  surface  examination  of  various 
sites  was  made  by  Mr.  August  Foerste,  ^  local  geologist,  who  re- 
ported on  geological  features  of  interest  in  connection  with  the  pro- 
posed works. 

RAINFALL  AND  RUNOFF  RECORDS 

The  necessity  for  securing  records  of  rainfall  and  runoff  was 
recognized  at  the  time  the  first  surveys  were  begun  and  within  two 
weeks  current  meter  measurements  of  discharge  were  being  made 
at  the  most  important  locations.  While  there  were  several  rainfall 
stations  in  the  Miami  Valley  at  that  time,  there  were  but  three  river 
gages,  one  at  Piqua,  one  at  Dayton,  and  one  at  Hamilton,  all  on  the 
Miami  River.  The  work  of  establishing  additional  stations  was  be- 
gun, in  cooperation  with  the  U.  S.  Weather  Bureau,  almost  im- 
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mediately;  and  within  a  few  months  daily  records  of  rainfall  and 
river  stages  and  periodical  measurements  of  discharge  were  being 
secured  at  Sidney,  Piqua,  Tadmor,  Dayton,  and  Hamilton,  on  the 
Miami  River,  at  West  Milton  on  the  Stillwater  River,  at  Springfield 
on  Mad  River,  and  at  Germantown  on  Twin  Creek,  and  daily  rec- 
ords of  rainfall  were  being  secured  at  several  additional  stations 
distributed  over  the  drainage  area  of  the  Miami  River. 

The  number  of  stations  was  added  to  from  time  to  time,  as  the 
work  progressed,  until,  at  the  time  construction  began,  records  of 
river  stages  were  being  secured  at  24  stations  and  records  of  rain- 
fall at  about  30.  Automatic,  recording,  river  gages,  of  the  electric 
transmission  type,  were  installed  at  Dayton  and  Hamilton,  and  a 
cable  gaging  station,  for  use  in  measuring  discharges  during  large 
floods,  see  figure  24,  was  erected  at  Tadmor.  Hourly  readings  of 
river  stages,  for  use  in  platting  hydrographs,  were  obtained  during 
flood  periods,  at  the  greater  number  of  the  river  stations.  The  rec- 
ords of  the  triple  register  maintained  by  the  U.  S.  Weather  Bureau 
in  their  local  office  at  Dayton,  furnished  accurate  data  regarding 
rates  of  rainfall. 

Current  meter  measurements  of  discharge  at  the  various  river 
stations,  and  also  of  the  various  canals  and  hydraulics  in  the  cities 
and  towns  aflFected  by  the  proposed  improvements,  were  made  at 
regular  intervals.  The  total  number  of  cross  sections  at  which  dis- 
charge measurements  were  made  regularly  was  about  sixty.  A  spe- 
cial effort  was  made  to  obtain  current  meter  measurements  at  the 
river  stations  during  flood  periods,  so  that  accurate  stream  flow 
records  could  be  computed.  After  a  sufficient  number  of  flood 
measurements  had  been  made  the  records  of  daily  stages  and  dis- 
charges were  prepared.  Some  of  the  stream  flow  records, have  been 
published  in  the  water  supply  papers  of  the  U.  S.  Geological  Sur- 
vey, while  the  rainfall  records  and  some  ot  the  river  stages  have 
been  published  by  the  U.  S.  Weather  Bureau.  These  records  fur- 
nished data  for  protecting  the  district  in  possible  future  litigation 
concerning  stream  flow  or  water  supply  conditions. 

During  periods  of  heavy  rainfall  special  telephone  or  telegraph 
reports  were  made  by  the  observers  for  use  in  flood  warning  work. 
These  reports  were  received  at  the  Conservancy  Building,  as  well 
as  at  the  Local  Office  of  the  U.  S.  Weather  Bureau,  and  made  it 
possible  to  calculate  the  probable  rise  in  the  rivers  at  the  damsites 
and  at  the  cities  and  towns  in  the  valley  below. 

Detailed  studies  of  the  relation  between  rainfall  and  runoflF  were 
made,  using  the  data  secured  at  the  gaging  stations,  particularly 


102  MIAMI  CONSERVANCY  DISTRICT 

that  secured  during  flood  periods.  As  a  practical  aid  in  the  study 
of  this  relation,  a  number  of  experimental  plats  were  established  on 
Moraine  Farm,  south  of  Dayton,  where  the  exact  amount  of  rain- 
fall, runoff,  and  evaporation  could  be  measured  on  varying  slopes 
and  with  varying  soil  conditions,  as  well  as  the  rapidity  and  degree 
of  soil  saturation  caused  by  different  rains.     The  results  of  these 

m 

Studies  will  be  published  in  a  later  volume  of  the  Technical  Reports. 

FLOW  IN  OPEN  CHANNELS 

The  design  of  the  retarding  basins,  as  well  as  of  the  local  chan- 
nel improvements,  was  based  to  such  a  large  extent  on  the  prin- 
ciples of  flow  in  open  channels  that  it  was  deemed  necessary  to  un- 
dertake extensive  experiments  and  studies  of  the  proper  methods 
of  calculating  velocities,  of  the  laws  of  scour  and  deposit,  of  the 
effect  of  curvature  in  alignment,  of  the  nature  of  backwater  curves, 
of  the  phenomenon  known  as  the  hydraulic  jump,  and  of  other  con- 
ditions relating  to  the  flow  of  streams. 

Roughness  factor  experiments,  consisting  of  measurements  of 
surface  slope,  discharge,  and  cross  section,  for  use  in  comparing 
velocity  formulas,  were  begun  in  the  summer  of  1913  and  have  been 
continued  up  to  the  present  time.  Measurements  were  made  at 
selected  locations  on  the  Miami  River  at  Tadmor,  Dayton,  and 
Hamilton,  on  the  Miami  and  Erie  Canal  in  Dayton,  and  on  the  Ohio 
River  at  Cincinnati.  There  were  also  available  for  the  studies, 
measurements  made  by  the  Morgp^n  Engineering  Company  of  Mem- 
phis, Tennessee,  on  large  drainage  canals  in  northeastern  Arkansas, 
on  the  Bogne  Phalia  River  in  Mississippi,  and  on  the  St.  Francis 
River  in  Arkansas.  The  total  range  in  discharge  of  these  various 
streams,  during  the  intervals  in  w^hich  the  observations  were  made, 
was  from  about  100  to  53,000  second  feet ;  the  range  in  hydraulic 
radius  was  from  about  1.5  to  about  21  feet;  and  the  range  in  ve- 
locity was  from  about  0.5  to  about  6  feet  per  second.  In  addition 
to  the  above  investigations  a  careful  study  was  made  of  all  the  data 
that  has  been  collected  on  the  Mississippi  River  and  its  tributaries 
by  the  Mississippi  River  Commission  during  the  past  35  years;  and 
roughness  factors  were  calculated  for  the  channel  above  New  Or- 
leans from  the  gagings  and  surveys  made  by  that  Commission  dur- 
ing the  floods  of  1912  and  1913,  when  the  discharge  varied  from 
about  935,000  to  about  1,300,000  second  feet.  In  these  series  of 
gagings  the  hydraulic  radius  varied  from  about  55  to  about  61.5 
feet ;  and  the  mean  velocity,  from  about  5  to  about  6.3  feet  per  sec- 
ond. 
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Studies  of  the  European  and  American  literature  dealing  with 
the  flow  of  water  in  open  channels  were  also  begun  in  the  summer 
of  1913  and  have  been  continued  to  the  present  time.  The  various 
engineering  periodicals,  the  transactions  of  the  scientific  and  tech- 
nical societies,  the  reports  of  government  bureaus,  and  the  publica- 
tions of  private  engineers  were  all  carefully  examined.  Exhaustive 
studies  were  made  of  the  work  of  recent  investigators,  such  as 
Siedek,  Groeger,  Lindboe,  Hermanek,  Barnes,  Schmeer  and  others, 
as  well  as  of  the  classical  works  of  Humphreys  and  Abbot,  Gan- 
guillet  and  Kutter,  and  Darcy  and  Bazin.  Comparisons  of  all  of  the 
more  important  formulas  for  computing  the  mean  velocity  in  open 
channels  were  made,  using  the  experimental  data  obtained  in  con- 
nection with  the  Miami  Valley  flood  prevention  studies.  Examin- 
ations were  also  made  of  the  applicability  of  these  various  equa- 
tions to  the  computation  of  the  flood  discharges  of  March,  1913. 
These  studies  were  probably  more  extended  than  any  that  have 
ever  been  undertaken  on  this  subject. 

The  search  of  the  literature  was  extended  so  as  to  include  dis- 
cussions of  the  backwater  conditions  produced  at  bridges,  of  the 
computation  of  discharge  from  measurements  of  the  drop  in  the 
water  surface  and  the  minimum  area  of  cross  section  at  places  where 
the  normal  area  of  flow  space  is  appreciably  contracted  by  some 
obstruction  such  as  a  railroad  or  highway  fill,  of  the  conditions  un- 
der which  scour  and  deposit  occur,  of  the  effect  of  curvature  on 
friction  losses,  of  the  nature  of  backwater  curves,  of  the  hydraulic 
jump,  and  of  other  conditions  affecting  the  flow  of  water. 

Valuable  data  regarding  loss  of  head  due  to  curvature  and  laws 
of  scour  and  deposit  were  obtained  in  connection  with  the  measure- 
ments of  the  1913  flood  and  the  roughness  factor  experiments. 

The  studies  of  backwater  curves  and  the  hydraulit  jump  are 
fully  described  in  Part  III  of  the  Technical  Report  and  the  greater 
part  of  the  other  investigations  of  the  principles  of  flow  in  open 
channels  are  given  in  Part  IV. 

FLOODS  AND  RAINFALL 

One  of  the  first  problems  in  planning  flood  control  works  for 
the  valley  was  to  determine  the  size  of  the  greatest  flood  against 
which  protection  would  be  required.  The  lack  of  data  regarding 
rates  of  flood  discharge  and  flood  frequency  necessitated  exhaustive 
studies  not  only  of  great  floods  but  also  of  the  great  storms  that 
cause  them.  These  investigations  included  the  maximum  rates  of 
discharge  that  occurred  in  the  Miami  Valley  in  March,  1913,  dis- 
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cussed  in  the  preceding  pages;  the  occurrence  and  size  of  past 
floods  in  the  Miami  Valley;  the  maximum  rates  of  discharge  and 
frequency  of  floods  that  have  occurred  elsewhere  in  the  United 
States  and  also  in  foreign  countries;  the  rainfall  during  the  storm 
of  March,  1913;  the  occurrence  of  great  storms  in  eastern  United 
States,  their  rainfall  distribution  and  intensity;  rainfall  in  Europe; 
and  various  other  conditions  relating  to  rainfall  and  floods.  The 
studies  of  the  past  floods  in  the  Miami  Valley  and  of  floods  in  other 
parts  of  the  United  States  and  in  Europe,  were  based  on  published 
data.  The  various  engineering  periodicals,  the  transactions  of  the 
scientific  and  technical  societies,  the  reports  of  government  bureaus, 
and  the  publications  of  private  engineers  and  of  engineering  corpor- 
ations, were  all  thoroughly  searched. 

It  was  found  that  the  maximum  rates  of  runoflf  that  occurred  in 
the  Miami  Valley  during  the  flood  of  March,  1913,  were  about  the 
same  as  those  that  occurred  in  the  Scioto  and  Olentangy  Valleys 
during  the  same  storm ;  and  that  they  were  greater  than  any  that 
had  occurred  in  the  Miami  Valley  during  the  preceding  century. 
In  fact,  for  streams  in  the  eastern  part  of  the  United  States  of  simi- 
lar size,  no  records  of  runoft  were  found  which  were  as  great  as 
those  of  the  1913  flood.  However,  the  examination  of  European 
flood  control  literature  showed  that  such  rates  of  runoff,  although 
not  frequent,  have  occurred  in  certain  parts  of  Europe.  In  parts  of 
France  and  Germany  where  the  topography,  permeability  of  surface, 
annual  rainfall,  and  character  of  storms  are  comparable  with  those 
of  southwestern  Ohio,  records  of  flood  rates  practically  as  great 
have  been  noted;  while  in  mountainous  regions  with  steep  slopes 
and  impermeable  coverings  even  greater  rates  have  occurred. 

The  examination  of  Fluropean  stream  flow  records  covering  long 
periods  of  time,  such  as  the  900-year  record  of  the  Danube  at  Vien- 
na, the  300-year  record  of  the  Seine  at  Paris,  and  the  2300-year  rec- 
ord of  the  Tiber  at  Rome,  showed  that  the  average  maximum  flood 
of  a  hundred  years  is  not  greatly  exceeded  by  the  maximum  flood  of 
one  or  two  thousand  years. 

Additional  data  regarding  flood  runoff  is  given  in  Part  IV  of  the 
Technical  Report,  Calculation  of  Flow  in  Open  Channels,  chapter 
III,  and  in  Part  V  of  the  Technical  Report,  Storm  Rainfall  of 
Eastern  United  States,  chapter  XL 

In  order  to  determine  the  frequency  and  intensity  of  storms  that 
have  caused  great  floods  in  the  past,  an  examination  was  under- 
taken of  all  existing  rainfall  records  of  the  United  States.  First  the 
Weather  Bureau  records  at  Dayton  and  Columbus  were  investi- 
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gated  and  later  a  squad  of  men  was  sent  to  the  city  of  Washington 
to  examine  all  of  the  existing  government  records.  The  data  ab- 
stracted included  all  the  most  intense  rainfalls  recorded  up  to  De- 
cember 31,  1914.  The  tabluation  consists  of  4300  sheets  and  re- 
quired nearly  a  year  to  complete;  but  the  results  afford  probably 
the  most  complete  summary  of  great  storms  ever  compiled. 

Fairly  complete  rainfall  records  in  the  United  States  extend 
back  to  1892.  The  Weather  Bureau  was  oflficially  organized  in 
1891,  taking  over  all  the  meteorological  work  previously  carried  on 
by  the  signal  service  of  the  War  Department.  During  the  follow- 
ing year  the  number  of  observing  stations  was  greatly  increased. 
Prior  to  this  time  the  number  of  stations  maintained  by  the  govern- 
ment was  not  sufficient  in  some  sections  of  the  country  to  insure 
that  every  great  storm  would  be  included  in  a  search  of  this  kind. 

From  the  tabulation  of  rainfall  records  covering  the  entire  east- 
ern half  of  the  United  States,  maps  and  diagrams  were  made  of  all 
the  greatest  storms  since  1892.  These  show  the  relative  duration, 
frequency,  and  intensity  of  the  storms  and  also  give  a  ready  com- 
parison of  their  seasonal  and  geographic  distribution.  It  was  found 
that  although  heavy  storms  frequently  move  up  the  Ohio  Valley, 
the  latitude  of  the  Miami  Valley  and  its  distance  from  the  Atlantic 
Ocean  and  the  Gulf  of  Mexico  preclude  the  possibility  of  rainfalls 
as  great  as  those  that  occur  in  southern  states.  Of  the  33  great 
storms  which  were  given  special  study,  12  occurred  in  the  upper 
Mississippi  Valley.  Of  these,  the  few  that  materially  exceeded  the 
storm  of  March,  1913,  occurred  during  the  summer  and  fall  months 
when  the  runoflf  is  a  much  smaller  part  of  the  rainfall  than  it  is  in 
the  winter  and  early  spring.  Most  of  the  heaviest  storms  occurred 
farther  south  than  Ohio.  The  studies  indicate  that,  for  the  Miami 
Valley,  the  storm  of  March,  1913,  was  unusual  as  to  duration,  in- 
tensity of  rainfall,  and  extent  of  territory  covered ;  and  that  it  never 
will  be  greatly  exceeded  in  this  locality. 

As  a  result  of  the  investigations  of  floods  and  rainfall  it  was  de- 
cided to  plan  the  flood  control  works  large  enough  to  control  a  run- 
off about  40  per  cent  greater  than  that  of  March,  1913,  and  to  make 
the  dams  and  appurtenances  large  enough  to  safely  withstand  floods 
from  two  to  three  times  as  great. 

The  result  of  the  studies  of  storm  rainfall  have  been  published 
as  Part  V  of  the  Technical  Report,  Storm  Rainfall  in  Eastern 
United  States. 
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FLOOD  CONTROL  METHODS 

In  attacking  the  flood  problem  of  the  Miami  Valley  every  pos- 
sible method  was  given  consideration  and  was  investigated  until  it 
was  either  definitely  proved  to  be  impracticable  or  inadequate,  or 
was  shown  to  be  a  possible  method  of  solution.  Those  plans  which 
then  seemed  feasible  were  worked  out  in  sufficient  detail  to  demon- 
strate conclusively  which  would  give  the  best  results.  Among 
those  investigated  were  a  plan  of  channel  improvement  only ;  a  sys- 
tem of  numerous  small  reseryoirs  and  check  dams ;  diversion  chan- 
nels and  cutoff  channels ;  diversion  of  the  flood  flow  of  the  Miami 
River  northward  through  Loramie  Creek  to  Lake  Erie,  combined 
with  a  power  development;  various  combinations  of  retarding 
basins ;  and  channel  improvement  supplemented  by  retarding  basins. 
The  river  and  flood  control  literature  of  this  country  and  Europe 
was  searched  for  suggestions  and  aid  in  the  proper  solution  of  the 
problem.  Particular  study  was  made  of  flood  control  systems  in 
operation  elsewhere,  and  every  source  of  information  on  the  subject 
was  exhausted  before  the  final  plan  was  adopted. 

In  developing  the  retarding  basin  system  of  flood  control  careful 
study  was  given  to  the  design  of  earth  dams,  particularly  as  to  seep- 
age, stability,  methods  of  construction,  and  conditions  which  might 
cause  their  failure.  The  causes  of  failure  of  over  two  hundred  dams 
were  fully  investigated,  about  half  of  which  were  constructed  of 
earth.  This  number  included  all  the  most  important  dams,  built 
under  engineering  supervision,  the  failures  of  which  were  described 
in  engineering  literature.  The  number  of  human  lives  that  would 
be  lost  should  one  of  the  dams  in  the  Miami  V^alley  fail,  would  be  so 
great  that  nothing  but  an  absolutely  safe  design  could  be  considered. 

The  wisdom  of  these  extensive  preliminary  investigations  was 
amply  proved  by  the  results.  During  the  early  stages  of  the  sur- 
veys it  was  believed,  by  the  engineers  as  well  as  by  residents  of  the 
valley,  that  channel  improvement  offered  the  only  practicable  solu- 
tion for  the  flood  problem,  and  that  reservoir  control  was  entirely 
impracticable.  The  exact  reverse  proved  to  be  true,  and  if  a  system 
of  control  by  channel  improvement  alone  had  been  attempted,  the 
results  would  have  been  entirely  inadequate,  and  might  have  cul- 
minated in  a  disastrous  failure. 

HEIGHT  OF  DAMS  AND  SIZE  OF  CONDUITS 

The  determination  of  the  most  economical  height  of  dam  and 
size  of  conduit  for  each  of  the  retarding  basins  involved  extensive 
studies  of  the  action  of  the  basins  during  typical  floods  with  differ- 
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ent  lengths  of  dams  and  sizes  of  conduits ;  of  the  effect  of  the  back- 
water on  villages,  railroads,  traction  lines,  and  other  utilities ;  of  the 
effect  of  channel  improvements  in  the  cities  below ;  and  of  the  rela- 
tive cost  of  the  two  methods  of  securing  protection.  In  considering 
this  problem  it  was  necessary  not  only  that  each  dam  be  studied  by 
itself  but  also  that  its  action  in  combination  with  the  other  basins, 
and  w^ith  the  local  channel  improvements,  be  studied,  until  all  parts 
were  coordinated  into  the  most  effective  and  most  economical  sys- 
tem. 

The  effect  of  each  basin,  and  of  the  system  as  a  whole,  on  all  the 
large  floods  of  the  past  25  years,  was  studied  under  several  condi- 
tions of  design,  to  ascertain  the  degree  of  control  obtained  on  floods 
of  varying  size.  The  depth,  duration,  and  season  of  flooding  on 
lands  within  the  retarding  basins,  during  the  past  25  years,  were 
thoroughly  investigated,  and  were  compared  with  the  conditions 
that  would  have  existed  if  the  basins  had  been  constructed.  The  in- 
terference of  the  backwater  in  the  basins  with  villages,  railroads, 
traction  lines,  and  other  utilities  were  also  studied  in  detail  and 
compared  with  the  conditions  that  have  existed  in  the  past.  The 
maximum  heights  that  would  be  reached  in  the  different  basins 
during  a  flood  40  per  cent  greater  than  that  of  March,  1913,  were 
calculated,  as  were  also  the  maximum  discharges  of  the  basins,  for 
sUch  a  flood,  the  resulting  stages  in  the  valleys  below,  and  the  stages 
that  would  exist  if  the  basins  were  not  constructed.  As  a  test  of 
the  stability  of  the  dams,  the  action  of  the  individual  basins  was  in- 
vestigated for  a  flood  twice  as  great  as  that  of  1913. 

An  exhaustive  study  was  made  of  the  effect  of  valley  storage  on 
the  flood  flow  of  the  1913  flood.  This  data  proved  to  be  of  great 
value  in  showing  the  relative  efficiency  of  the  combined  channel  im- 
provement and  retarding  basin  system,  as  compared  with  a  system 
of  channel  improvement  alone.  It  also  gave  a  comparison  of  the 
area  of  land  actually  flooded  in  1913  with  the  area  that  would  be 
submerged  in  the  retarding  basins  during  a  recurrence  of  such  a 
flood. 

CONDUIT  OUTLET  EXPERIMENTS 

One  of  the  most  difficult  problems  of  the  retarding  basin  plan 
was  the  proper  design  of  conduit  outlets,  for  handling  the  tremen- 
dous discharge  at  high  velocities  which  will  occur  during  floods. 
The  dams  forming  the  retarding  basins  were  planned  to  have  per- 
manently open  outlet  tunnels  or  conduits  through  their  bases  at  the 
level  of  the  river  channel.     These  conduits  are  not  provided  with 
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gates  or  any  other  apparatus  requiring  manipulation,  being  of  such 
size  as  to  permit  no  more  water  to  pass  through  than  can  be  safely 
carried  in  the  channels  through  the  cities  and  towns  below.  It  was 
found  that  the  maximum  depth  of  water  to  be  stored  in  some  of  the 
basins  during  extreme  floods  would  give  discharge  velocities  of 
over  50  feet  per  second  through  the  conduits.  While  there  was 
ample  precedent  for  handling  such  high  velocities  in  concrete  con- 
duits, the  safe  discharge  of  the  water  into  earth  lined  channels,  for 
such  conditions,  had  not  been  satisfactorily  worked  out.  Since  this 
was  an  essential  feature  of  the  retarding  basin  principle  of  flood  con- 
trol, it  was  decided  to  make  extensive  experiments  and  tests  for  de- 
veloping a  satisfactory  method  of  reducing  the  high  velocity  and 
dissipating  the  energy  of  the  water  before  its  entrance  into  the  un- 
protected channel,  where  it  might  otherwise  produce  dangerous 
erosion.  For  this  purpose,  an  experimental  plant  consisting  of  a 
model  outlet  conduit  and  channel,  was  constructed  at  Moraine 
Farm.  This  model  was  one-sixteenth  of  the  actual  size  of  the  struc- 
tures as  proposed  for  the  dams.  Water  was  pumped  through  the 
model  by  an  electric  driven  centrifugal  pump  delivering  through  a 
pressure  tank  so  arranged  that  various  velocities  could  be  obtained 
at  will.  A  large  number  of  experiments  and  tests  were  conducted 
with  this  apparatus,  extending  over  a  period  of  twelve  months. 
Various  forms  of  outlet  channels,  baffle  piers,  drop  off  devices,  and 
stilling  pools  were  used. 

The  most  important  conclusion  reached  by  these  experiments  is 
that  for  large  structures  the  hydraulic  jump  is  the  most  practicable 
method  of  securing  the  desired  elimination  of  energy.  Its  certainty 
to  occur  is  demonstrated  by  observations  below  high  spillway  dams, 
and  the  manner  of  securing  it  at  conduits  mouths  is  established  by 
these  experiments.  Its  use  is  economical  and  safe,  and,  since  it  is 
governed  by  a  known  theoretic  law,  its  position  is  capable  of  fairly 
definite  calculation.  To  secure  a  stable  and  uniform  jump,  the 
water  entering  it  should  be  in  the  form  of  a  sheet  of  uniform  thick- 
ness and  velocity  across  the  channel.  This  condition  can  be  secured 
in  the  channel  below  a  conduit  by  providing  a  smooth  and  gradual 
expansion  in  the  sides  of  the  channel,  so  shaped  as  to  insure  con- 
tinuous contact  between  the  spreading  water  and  the  sides.  The 
sides  should  be  tangent  to  the  conduit  walls  and  should  not  be 
concave  toward  the  water  until  the  jump  is  passed.  The  bottom  of 
the  channel  should  be  gradually  depressed  below  the  outlet,  so  that 
at  the  point  where  the  jump  is  desired,  there  shall  be  sufficient 
depth  of  tail  water  to  produce  it.     The  results  of  this  work  and 
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their  application  to  the  design  of  the  outlet  conduits  and  channels 
are  described  in  Part  III  of  the  Technical  Reports. 

DESIGN  OF  CONDUITS 

The  design  of  the  conduits  through  the  dams  was  complicated 
by  the  fact  that  they  might  be  subjected  to  many  very  different  con- 
ditions of  loading. 

When  the  design  was  started  it  was  decided  not  to  use  any  steel 
upon  which  reliance  was  to  be  placed  for  permanency,  on  account  of 
the  uncertainty  of  its  lasting  properties  under  the  conditions  here 
obtaining.  While  it  is  a  simple  matter  to  design  a  conduit  without 
reinforcement  for  one  known  condition  of  loading,  or  to  design  one 
with  reinforcement  for  a  variety  of  conditions  of  loading,  it  is  a 
very  difficult  and  complicated  problem  to  design  one  with  a  variety 
of  conditions  of  loading,  and  make  it  safe  for  all,  without  the  use  of 
reinforcement. 

A  systematic  and  exhaustive  series  of  investigations  for  the  de- 
sign of  these  conduits  was  therefore  begun  a  very  short  time  after 
the  decision  to  use  the  retarding  basin  method  of  flood  control  was 
reached.  These  studies  extended  over  a  period  of  about  two  and 
one-half  years,  investigations  being  made  for  every  possible  condi- 
tion of  loading  as  well  as  for  stresses  due  to  temperature  changes. 
The  total  number  of  investigations  made  as  the  design  of  the  project 
developed,  and  as  changes  were  made  from  time  to  time,  was  almost 
two  hundred.  A  great  many  of  these  were  made  upon  sections  of 
conduits  that  were  discarded  because  of  radical  changes  in  size  due 
to  modification  in  the  general  design  of  the  project. 

CONSTRUCTION  MATERIALS  AND  METHODS 

The  policy  of  the  thorough  investigation  of  every  problem  that 
presented  itself  was  consistently  continued  in  the  investigations  of 
construction  materials  and  methods.  The  samples  of  sand  and 
gravel  taken  from  sources  of  supply  near  the  sites  of  the  proposed 
works,  in  the  subsurface  investigations,  were  tested  as  to  their  suit- 
ability for  use  in  concrete,  in  a  laboratory  equipped  for  this  purpose 
in  the  Conservancy  Building.  Tests  were  also  made  of  the  perme- 
ability of  concrete,  and  the  solubijity  in  concrete  of  various  kinds 
of  stone  available  for  use.  Since  the  works  were  being  planned  to 
last  for  all  time,  the  life  and  permanent  stability  of  the  materials  of 
construction  were  matters  of  vital  importance.  Researches  of  engi- 
neering literature  were  made  on  such  subjects  as  the  preservation 
of  steel  and  iron  in  concrete  under  water,  temperature  stresses  in 
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massive  concrete  structures,  and  allowable  loadings  on  foundations. 
The  character  of  foundation  footings  of  large  buildings  in  Dayton, 
and  the  amount  of  settlement  occurring  during  and  after  their  con- 
struction, were  investigated.  Various  forms  of  channel  paving  were 
carefully  studied  before  the  flexible  concrete  block  form  of  revet- 
ment was  finally  adopted. 

As  the  plans  neared  completion,  studies  were  made  of  construc- 
tion methods  and  equipment  adapted  to  the  work.  As  examples  of 
the  problems  encountered,  there  may  be  mentioned  that  of  stream 
control  at  the  dams  during  tifeir  construction,  and  that  of  protect- 


FIG  25.— ERODED  FARM  NEAR  CLEVES  AFTER  THE  1913  FLOOD. 

ing.  against  sudden  high  water,  the  excavating  machinery  to  be 
used  in  the  channels  at  Dayton  and  Hamilton. 

FIELD  INSPECTIONS 

The  effects  of  fioods  were  studied  in  various  ways.  Eroded 
fields,  such  as  that  shown  in  figure  25,  as  well  as  fields  buried  by 
deposits  of  sand  and  gravel,  such  as  that  shown  in  figure  26,  were 
examined  in  different  parts  of  the  valley.  The  damage  to  roads, 
bridges,  and  railroads  was  inspected  and  inventoried.  A  study  was 
made  of  the  deposition  of  silt  by  flood  waters,  the  rate  of  such  de- 
posit, and  its  value  as  a  fertilizer.  The  failure  of  the  Stony  Ri.ver 
dam  in  West  Virginia,  on  January  15,  1914,  was  fully  investigated 
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on  the  ground,  as  was  also  the  destructive  flood  at  Erie,  Pennsyl- 
vania, in  August,  1915.  The  channel  improvement  that  had  been 
constructed  at  Kansas  City  was  inspected.  Complete  reports  and 
photographic  records  covering  these  investigations  were  compiled 
for  ready  reference. 

After  it  had  developed  that  a  system  of  retarding  basins  com- 
bined with  channel  improvement  would  be  used,  one  of  the  engi- 
neers made  an  extensive  trip  through  the  western  states,  visiting 
many  large  earth  dams  that  were  under  construction  or  in  operation. 
The  principal  purpose  of  this  trip  was  to  investigate  the  hydraulic 


FIG.  26.— GRAVEL  DEPOSIT  MADE  DURING  THE  1913  FLOOD, 
fill  method  of  earth  dam  construction,  but  it  furnished  also  much 
valuable  information  on  other  points,  such  as  the  stability  of  earth 
dams,  details  of  construction,  and  construction  plant.  An  inspec- 
tion trip  was  made  through  Ontario  and  Quebec  to  observe  methods 
and  difficulties  of  handling  ice  at  the  intakes,  spillways,  and  sluice 
ways  of  various  dams  and  power  plants,  as  well  as  the  action  of 
high  velocities  in  conduits.  When  the  Island  Park  dam  was  built 
by  the  City  of  Dayton,  a  system  of  pipes  was  installed  in  such  a 
manner  that  observations  could  be  made  on  the  upward  pressure  of 
water  under  the  dam.  In  making  tests  of  earth  pressure  and  the 
time  required  for  compacting  earth  under  water  the  cooperation  of 
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the  United  States  Office  of  Public  Roads  and  Rural  Engineering 
was  secured  to  carry  out  an  extensive  program  of  experiments  di- 
rectly in  line  with  the  information  desired. 

In  Dayton  a  levee  patrol  organization  was  maintained  by  the 
engineers  of  the  district  in  conjunction  Avith  the  city  department  of 
public  service.  The  purpose  of  this  was  to  be  ready  for  emergency 
work  in  repairing  or  strengthening  the  levees  in  case  of  dangerous 
floods  occurring  before  the  flood  control  works  were  completed.  In 
time  of  flood  an  engineer  was  stationed  at  the  Conservancy  Build- 
ing at  all  times  to  reply  to  telephone  requests  for  information. 

Surveys  and  field  inspections  were  made  to  determine  the  phy- 
sical status  of  the  Miami  and  Erie  Canal  and  of  the  existing  Lora- 
mie  and  Lewiston  Reservoirs  in  the  upper  part  of  the  valley.  The 
inspection  of  these  reservoirs  was  made  with  a  view  to  determining 
in  what  way  their  operation  might  aft'ect  the  proposed  plan,  and 
whether  they  needed  any  repairs  or  improvements  to  insure  their 
future  safety  and  that  of  the  proposed  works.  The  Miami  and  Erie 
Canal  aqueduct  over  Mad  River  in  Dayton,  as  it  existed  before  the 
1913  flood,  is  shown  in  figure  27. 

Some  surveys  were  made  at  industrial  plants,  factories,  and 
other  properties  which  were  especially  aflfected  by  the  proposed 
construction,  and  much  other  work  was  done  in  connection  with 
various  researches  and  investigations  to  develop  certain  phases  of 
the  problem  or  to  supplement  the  data  available.  Special  surveys 
and  field  inspections  were  also  required  in  many  cases  to  furnish 
more  detailed  data  for  use  in  appraising  the  benefits  and  damages. 

FINAL  DETAIL  SURVEYS  AND  PLANS 

While  many  of  the  above  described  surveys  were  made  in  great 
detail,  their  purpose  was  largely  for  determining  the  main  features 
of  the  plan  and  not  for  working  out  the  details  of  design.  As  the 
main  features  took  definite  form  it  became  necessary  to  cover  cer- 
tain parts  of  the  ground  a  second  time  in  order  to  secure  more  exact 
data  for  use  in  the  final  studies  and  detailed  designs,  and  for  use 
also  in  the  preparation  of  contract  and  working  drawings,  specifica- 
tions, and  estimates.  The  subsurface  investigation  is  an  illustration 
of  this  in  that  the  first  borings  were  made  to  aid  in  a  choice  of 
various  feasible  damsites,  while  the  later  borings  were  made  to  de- 
termine the  specific  location,  size,  shape,  and  other  features  of  in- 
dividual structures  such  as  retaining  walls,  levees,  conduits,  spill- 
ways, etc.,  and  to  give  more  exact  data  for  plans,  specifications,  and 
estimates. 
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The  detailed  surveys  of  the  damsites  were  begun  in  February, 
1916.  A  true  meridian  was  established  at  each  site.  Systems  of 
coordinates  which  had  previously  been  established  for  referencing 
the  borings  and  test  pits  were  tied  to  these  meridians  and  the 
courses  properly  corrected.  True  bearings  were  used  on  the  new 
work,  all  of  which  was  tied  to  either  existing  or  new  coordinate 
points.  Permanent  hubs  consisting  of  iron  pipes  about  ly'i  feet 
long  were  placed  at  ifnportant  points  and  referenced  where  possible 
in  such  a  manner  that  they  could  readily  be  found  by  one  not 
familiar  with  the  surveys. 


All  railroads,  roads,  telephone,  telegraph,  and  fence  lines,  houses, 
barns,  canals,  streams,  pipe  lines,  and  other  features  were  carefully 
located;  and  areas  of  rock  outcrop  were  described  in  the  notes. 
Probable  favorable  locations  for  sand  or  grave]  pits  and  quarries 
were  indicated.  Outlines  of  cultivated  land,  pasture  land,  marsh 
land,  woodland,  etc.,  were  determined  roughly.  Elevations  on 
which  to  base  the  topography  were  established  with  a  wye  level  or 
transit.  Cross  sections  of  the  river  channel  were  taken  not  further 
than  100  feet  apart  over  the  damsite  and  from  entrance  to  outlet  of 
spillways  and  conduits.     All  topography  on  this  work  was  taken 
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with  a  leveling  instrument  and  tape  and  not  by  stadia,  and  was 
plotted  to  scale  in  the  field. 

For  areas  covered  by  the  conduit  and  spillway  structures,  sec- 
tions for  locating  the  contours  were  taken  at  frequent  intervals  so 
that  the  topography  could  be  plotted  accurately  on  the  field  sheets 
to  a  scale  of  40  feet  to.l  inch.  The  remainder  of  the  topography, 
which  included  the  entire  damsite  and  borrow  pit  areas,  was  mapped 
on  a  scale  of  100  feet  to  1  inch  and  in  such  detail  that  no  further 
surveys  would  be  necessary  for  planning  and  locating  the  construc- 
tion plant  on  the  ground.  Any  physical  features  of  the  site  that 
might  be  of  use  in  drawing  up  designs  and  estimates  were  carefully 
noted  and  described.  An  outline  of  the  area  to  be  covered  at  each 
damsite  was  furnished  the  chief  of  party  before  the  survey  was  be- 
gun. 

Similar  surveys  were  made  for  the  local  protection  plans  in  cities 
and  towns.  This  work  covered  three  important  items;  namely, 
cross  sectioning  river  channels,  detail  surveys  of  areas  occupied  by 
or  adjacent  to  the  proposed  improvement,  and  staking  out  the  im- 
provement itself.  Its  purpose  may  be  stated  as  the  collection  of 
data  for  making  final  designs  and  contract  drawings,  for  the  de- 
scription of  right-of-way  required,  for  the  determination  of  contract 
quantities  and  character  of  materials,  for  the  location  of  spoil  areas 
and  determination  of  overhaul,  for  the  establishment  of  bench 
marks  and  reference  points,  and  for  determining  the  space  available 
for  placing  and  moving  construction  equipment.  The  surveys  were 
so  planned  as  to  involve  a  minimum  duplication  of  previous  work. 
The  field  work  was  done  in  such  a  manner  as  to  permit  accurate 
plotting  of  notes  to  a  scale  of  50  feet  to  1  inch.  It  included  the  lo- 
cation and  description  of  street  and  property  lines,  buildings,  retain- 
ing walls,  bridge  abutments,  sidewalks,  pavements,  railroad  tracks, 
hydraulics,  sewers,  manholes,  water  gates,  and  other  structures 
within  the  affected  area.  Cross  sections  were  taken  of  the  river 
bank  at  intervals  of  50  feet  except  where  irregularity  of  the  ground 
required  intermediate  sections.  Cross  sections  of  river  channels  at 
bridges  with  description  of  bridge  structures  were  secured  in  each 
city.  Permanent  bench  marks,  according  with  standard  design, 
were  established  at  such  locations  as  to  be  readily  available  for 
construction  purposes. 

The  final  definite  location  and  design  of  the  dams  made  it  pos- 
sible to  determine  the  necessary  relocation  of  railroads,  electric 
lines,  and  highways.  As  the  relocation  plans  developed,  confer- 
ences were  held  with  the  railroad  officials,  the  plans  explained  to 
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them,  and  all  the  data  that  had  been  accumulated  made  available  to 
them.  In  this  way  agreements  as  to  the  proposed  construction  were 
arrived  at.  The  final  lines,  which  w^ere  staked  out  on  the  ground, 
were  shown  on  topographic  maps  on  a  scale  of  200  feet  to  1  inch. 
At  Huffman  Hill,  opposite  the  HufTman  damsite,  where  the  new  lo- 
cation for  the  Erie  and  Big  Four  Railroads  required  a  100-foot  cut, 
core  borings  were  made  to  determine  the  nature  of  the  materials. 
On  account  of  questions  of  right-of-way  it  was  found  necessary  to 
make  certain  property  surveys  along  the  new  lines.  Right-of-way 
maps  were  then  prepared  on  a  scale  of  200  feet  to  1  inch.  All  final 
railroad  maps  were  made  on  sheets  21  by  42  inches.  Complete  pro- 
files, plans,  and  estimates  were  prepared  for  the  construction  work. 

The  highway  relocations  were  first  tentatively  laid  out  on  the 
original  500  feet  to  1  inch  topographic  maps.  A  closer  topographic 
survey  was  then  made  by  taking  topography  from  a  preliminary 
transit  line  along  the  proposed  location,  showing  1-foot  contour  in- 
tervals, on  a  scale  of  100  feet  to  1  inch.  Some  borings  were  made  to 
develop  the  character  of  material  in  the  proposed  borrow  pits,  to  de- 
termine the  amount  and  character  of  rock  excavation,  and  to  de- 
velop foundation  conditions  at  proposed  bridge  sites.  A  paper  pro- 
jection was  then  made  and  the  final  locations  staked  out  on  the 
ground,  tying  in  property  lines  and  section  corners.  Property 
maps  were  then  prepared,  profiles  drawn,  descriptions  written  of  the 
right-of-way  required,  and  the  estimates  of  cost  revised.  Specifi- 
cations for  road  construction,  including  plans  for  small  structures, 
were  made  to  conform  with  those  of  the  State  Highway  Com- 
mission.   The  maps  were  made  sheets  21  by  28  inches. 

The  various  surveys  and  investigations  occasioned  a  great  deal 
of  drafting,  computation,  and  miscellaneous  office  work.  All  maps, 
plans,  computations,  notes,  and  other  data  have  been  carefully 
classified  and  indexed  so  as  to  be  readily  available  at  any  time. 

ENGINEERING  ORGANIZATION 

The  engineering  office  established  by  the  Morgan  Engineering 
Company  in  the  City  National  Bank  Building  in  Dayton  was  main- 
tained throughout  the  preliminary  surveys  and  investigations.  O. 
N.  Floyd,  engaged  on  the  project  from  the  beginning,  had  charge  of 
the  preliminary  surveys  and  kept  in  close  touch  with  all  the  engi- 
neering details.  I.  E.  Houk  directed  the  hydraulic  suryeys  and 
computations.  K.  C.  Grant  made  investigations  and  translations  of 
European  literature.  G.  C.  Cummin  began  the  investigation  of  rain- 
fall records.    P.  D.  Fuqua  had  charge  of  much  of  the  topographic 
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field  work.  C.  H.  Shea  as  chief  draftsman  had  charge  of  all  maps, 
plans,  and  field  notes.  C.  A.  Bock  was  in  charge  of  the  office  admin- 
istration. Professor  S.  M.  Woodward  acted  as  consulting  engineer 
on  the  various  features  of  the  work. 

In  June,  1915,  the  Miami  Conservancy  District  took  over  the 
entire  part  of  the  Morgan  Engineering  Company's  organization  em- 
ployed on  the  Miami  Valley  flood  protection  work,  appointing  Mr. 
Morgan  chief  engineer.  During  the  year  preceding  this  the  engi- 
neering force  had  been  materially  increased  in  order  to  hasten 
the  completion  of  the  plans.  From  this  time  up  to  the  beginning 
of  the  construction  period  the  engineering  force  comprised  about  18 
assistant  engineers,  13  computers,  22  draftsmen,  3  chiefs  of  party,  4 
instrument  men,  12  rodmen  and  chairmen,  and  5  clerks  and  sten- 
ographers. J.  H.  Kimball  had  charge  of  the  final  development  of 
plans  for  channel  improvements  in  the  various  cities  and  towns  and 
assisted  in  working  out  specifications.  ().  N.  Floyd  directed  much 
of  the  field  work  and  had  general  supervision  of  plans  for  railroad 
relocations  and  changes  affecting  other  public  utilities.  E.  N.  Floyd 
worked  out  plans  for  railroad  relocations,  channel  improvements, 
and  made  a  search  of  the  literature  on  earth  dams.  C.  C.  Chambers 
had  charge  of  all  field  parties.  H.  S.  R.  McCurdy  directed  the  sub- 
surface investigations  and  testing  of  materials  and  assisted  in  work- 
ing out  specifications.  A.  B.  Mayhew  made  studies  of  the  balancing 
of  the  retarding  basins  and  of  a  system  of  numerous  small  basins, 
and  planned  highway  relocations.  K.  C.  Grant  worked  out  plans  for 
an  alternative  system  of  channel  improvement  and  made  studies  of 
the  action  of  the  retarding  basins.  S.  M.  Woodward  acted  as  con- 
sulting engineer  on  the  various  features  of  design  and  conducted  a 
large  part  of  the  technical  studies.  G.  H.  Matthes  had  charge  of  sev- 
eral portions  of  the  work,  such  as  the  study  of  rainfall  data,  and  the 
determination  of  benefits  to  city  lots.  B.  M.  Jones  worked  out  var- 
ious hydraulic  problems,  including  general  methods  for  determining 
spillway  capacities,  and  conditions  governing  valley  storage.  I.  E. 
Houk  had  charge  of  the  hydrographic  work  and  the  experiments 
and  studies  on  flow  in  open  channels.  R.  M.  Riegel  made  experi- 
mental investigations  of  the  hydraulic  jump  and  assited  on  design 
of  structures.  C.  H.  Eiflfert  made  field  inspections  for  channel  im- 
provements and  assisted  in  their  design.  Walter  M.,  Smith  had 
charge  of  the  design  of  outlet  conduits  and  spillways.  C.  H.  Shea 
had  charge  of  the  drafting  force  and  all  maps,  plans,  and  field  notes. 
C.  A.  Bock  had  charge  of  the  office  administration  and  assisted  the 
chief  engineer  in  outlining  and  coordinating  the  engineering  investi- 
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g^ations.  In  December,  1915,  Charles  H.  Paul  was  engaged  as  con- 
struction engineer  and  later  was  appointed  assitsant  chief  engineer. 
He  worked  out  a  large  part  of  the  specifications  and  has  had  general 
supervision  of  the  plans  for  the  dams.  Mr.  Morgan,  as  chief  engi- 
neer,  directed  the  work  from  its  inception. 


CHAPTER  v.— THE  OFFICIAL  PLAN 

This  chapter  describes  briefly  the  various  successive  steps  in 
the  process  of  preparing  and  adopting  the  official  plan  for  the  flood 
protection  works  of  the  district.  It  covers  the  collection  of  data, 
design  of  the  works,  formulation  and  presentation  of  the  plan,  the 
adoption  of  the  plan  by  the  board  of  directors  after  public  hearings, 
and  finally  the  formal  approval  of  the  plan  by  the  conservancy  court 
at  the  conclusion  of  a  hearing  lasting  seven  weeks. 

RESULTS  OF  INVESTIGATIONS 

The  greatest  flood  that  has  occurred  in  the  Miami  Valley,  of 
which  we  have  any  knowledge,  is  that  of  March,  1913.  The  magni- 
tude and  frequency  of  probable  future  floods  must  be  judged  not 
only  from  the  record  of  past  occurrences  in  this  valley,  but  also 
from  what  has  occurred  in  neighboring  territory  subject  to  similar 
weather  conditions.  From  a  comprehensive  study  of  rainfall  records 
and  great  storms  it  appeared  that  storms  of  greater  intensity  than 
that  of  1913  have  occurred  in  southern  Illinois  and  in  Iowa.  Their 
occurrence  in  Ohio  must  therefore  be  looked  upon  as  possible. 

The  preliminary  investigations  showed  that  uncontrolled  floods 
smaller  than  that  of  1913,  even  those  discharging  only  half  as  much 
water,  would  cause  ver}r  great  damage.  The  first  question  to  be 
decided,  therefore,  was  against  how  great  a  flood  should  the  valley 
be  protected.  An  improvement  might  be  planned  for  controlling 
a  lesser  flood,  such  as  might  occur  perhaps  once  in  twenty-five 
years,  with  works  that  would  prove  inadequate  for  larger  floods ;  or 
the  works  might  be  made  adequate  to  protect  the  valley  against 
floods  as  great  as  that  of  1913 ;  or  they  might  be  made  adequate  un- 
der all  possible  flood  conditions.  The  plan  to  be  adopted  would 
necessarily  depend  upon  the  cost  of  different  degrees  of  protection, 
upon  the  values  to  be  protected,  and  upon  the  damage  that  would 
occur  whenever  works  designed  for  partial  protection  should  fail. 
After  numerous  comparisons  of  plans  and  estimates  of  costs  had 
been  made  and  analyzed  it  became  apparent  that  protection  should 
be  provided  against  the  greatest  possible  flood.  This  applied  to  the 
entire  Miami  Valley  with  the  exception  of  localities  where  minor 
damage  from  moderate  overflow  on  low  lying  lands  would  not  jus- 
tify the  cost  of  the  necessary  local  protection.  The  rainfall  and 
flood  investigations  resulted  in  a  decision  to  provide  protection 
against  floods  about  forty  per  cent  greater  than  the  flood  of  1913. 
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When  the  investigation  of  the  flood  control  problems  was  under- 
taken in  May,  1915,  it  was  assumed  that  relief  was  to  be  found  by 
means  of  local  channel  improvements ;  and  for  several  months  atten- 
tion was  centered  principally  on  this  type  of  improvement.  In  the 
meantime,  however,  all  methods  of  flood  control  within  the  range  of 
possibility  were  being  carefully  considered.  Plans  for  relief  by  each 
method  were  prepared  to  a  point  where  it  could  be  determined 
definitely  whether  that  particular  method  was  or  was  not  feasible. 

Among  the  plans  investigated  were :  the  diversion  of  the  rivers 
into  other  streams  or  into  new  channels;  the  construction  of  num- 
erous small  retarding  basins;  the  construction  of  a  few  large  re- 
tarding basins ;  the  construction  of  storage  reservoirs  which  would 
serve  flood  prevention  and  other  purposes;  the  enlarging  of  the 
river  channels;  and  the  local  protection  of  the  cities  by  a  variety  of 
methods.  Very  few  of  the  possibilities  investigated  proved  to  be  at 
all  practicable.  It  was  found  possible  at  moderate  expense  to  divert 
the  water  of  Mad  River  into  the  Little  Miami;  but  as  this  would 
simply  have  transferred  the  flood  problem  to  another  part  of  the 
state  the  plan  was  abandoned.  The  relief  of  the  Miami  Valley  as  a 
whole  by  channel  improvement  alone  was  found  to  be  so  excessively 
expensive  to  construct  and  so  difiicult  to  maintain  as  to  be  entirely 
out  of  the  question.  Local  channel  improvement  was  found  to  be 
possible  for  some  cities,  but  entirely  impossible  for  others.  By- 
passes for  carrying  flood  water  around  the  cities  were  found  to  be 
too  expensive  to  warrant  consideration.  A  system  of  many  small 
retarding  basins  was  found  to  be  wholly  impracticable,  because  it 
is  only  where  they  can  be  tilled  to  a  considerable  depth  that  retard- 
ing basins  become  economical. 

It  would  be  possible  to  build  a  dam  across  the  Miami  River  just 
above  Piqua,  and  to  divert  all  of  the  flow  into  Loramie  Creek  Val- 
le}',  through  an  artilicial  channel  to  Grand  Reservoir,  and  thence  to 
Lake  Erie.  This  would  naturally  resolve  itself  into  a  power  devel- 
opment, the  regulated  flow  of  the  river  being  used  at  Piqua.  How- 
ever, the  value  of  the  power  would  not  warrant  the  extra  cost, 
wh'ch  would  be  considerable  on  account  of  the  many  complications 
involved. 

The  construction  of  reservoirs  for  combined  flood  prevention 
and  power  purposes  was  not  found  to  be  feasible  in  any  part  of  the 
Miami  Valley.  Power  development  and  flood  control  can  be  pro- 
vided for  at  the  same  time  only  by  creating  storage  space  additional 
to  that  necessary  for  holding  flood  water,  since  space  used  for  stor- 
ing water  for  power  production  cannot  at  the  same  time  be  kepc 
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emptj'  and  thus  available  for  storing  water  in  time  of  flood.  In 
Europe  such  combinations  of  power,  storage,  and  flood  prevention 
icservoirs  have  frequently  worked  out  to  advantage,  but  in  the  Mi- 
ami Valley  the  loss  due  to  permanently  submerging  the  large  areas 
of  valuable  agricultural  land  would  be  greater  than  would  be  justi- 
fied by  the  resulting  benefits.  Under  the  retarding  basin  system 
these  lands  will  continue  to  be  cultivated,  and  will  increase  in  fer- 
tility. 

While  some  of  the  researches  and  investigations  made   were 
merely  incidental  in  the  development  of  the  plan,  the  final  results 


FIG.  28.— LOOKING  EAST  ON  THIRD  STREET,  DAYTON. 
View  taken  when  the  1913  flood  waters  were  higbesl.     Note  trolley  pole 
exlendicig  above  water  from  street  ear  which  is  entirely  submerged. 

would  not  have  been  complete  or  even  possible  without  them.  As 
the  investigations  proceeded,  and  as  data  became  available  from  the 
surveys  throughout  the  district,  it  became  obvious  that  no  one 
method  of  improvement  taken  by  itself  would  best  solve  the  prob- 
lem. The  best  solution  was  found  to  be  a  system  of  retarding  basins ' 
supplemented  by  local  channel  improvements,  the  improvement  by 
each  method  being  carried  to  a  point  where  further  protection  could 
be  more  economically  secured  by  anollier  method.  The  final  bal- 
ance between  the  different  elements  of  the  plan  was  reached  only 
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after  many  estimates  and  comparisons ;  the  plan  adopted  being  one 
of  many  combinations  that  had  been  worked  out  in  great  detail. 

DESCRIPTION  OF  THE  PLAN 

Just  as  numerous  comparisons  were  made  in  determining  the 
the  general  features  of  the  plan,  so  the  same  course  was  followed  in 
finally  determining  tKe  details.  For  instance,  in  most  cases  there 
were  numerous  possible  locations  for  the  dams  to  form  the  retard- 
ing basins.  One  location  might  be  most  favorable  so  far  as  the 
location  of  the  dam  itself  was  concerned,  while  another  would  show 
more  favorable  conditions  for  the  location  of  conduit  or  spillway. 
Again,  the  apparent  balance  of  economy  as  seen  from  the  surface 
might  be  entirely  upset  by  soil  borings  indicating  unfavorable  con- 
ditions in  the  underlying  rock,  and  in  the  end  all  these  conditions 
might  be  set  aside  by  the  impracticability  of  securing  enough  earth 
in  that  particular  location  for  building  the  dam  at  reasonable  cost. 

With  a  dam  finally  located  there  would  be  several  possible  spill- 
way or  conduit  locations  to  choose  from;  the  best  was  determined 
by  successive  elimination  of  the  less  favorable,  as  were  the  larger 
features.  Over  the  entire  project,  both  with  regard  to  retarding 
basins  and  to  .channel  improvements,  this  policy' of  comparison  and 
elimination  was  followed. 

The  detailed  study  at  times  disclosed  difficulties  which  indicated 
the  necessity  for  additional  expense  in  order  to  insure  complete 
safety  in  the  final  plan,  or  disclosed  the  possibility  of  additional 
safe-guatds.  At  other  times  opportunities  were  found  by  taking 
advantage  of  favorable  conditions  to  reduce  the  cost.  Not  until  the 
final  selections  of  details  had  been  made  and  the  items  summed  up, 
could  a  definite  and  accurate  statement  of  the  total  cost  be  made. 

REPORT  OF  THE  CHIEF  ENGINEER 

A  cotnplete  plan  for  the  effective  control  of  floods  in  the  Miami 
Valley  was  submitted  to  the  directors  of  the  district  by  the  chief 
engineer  early  in  1916,  with  the  following  letter  of  transmittal : 

February  29,  1916. 
To  The  Board  of  Directors 

of 

The  Miami  Conservancy  District. 

Gentlemen: 

Following  the  organization  of  The  Miami  Conservancy  District  by  order 
of  the  court  on  the  28th  of  June,  1915,  the  appointment  of  your  board  on  the 
28th  of  June,  1915,  as  the  board  of  directors  of  the  district,  and  the  appoint- 
ment dated  the  7th  of  July,  1915,  of  the  undersigned  as  chief  engineer  of  the 
district,  with  instructions  to  prepare  a  plan  for  the  protection  of  the  district 
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from  floods;  he  proceeded  to  prepare  such  a  plan,  which  is  herewith  pre- 
sented for  your  consideration,  with  the  recommendation  that  it  be  adopted 
as  the  Official  Plan  of  The  Miami  Conservancy  District,  as  provided  for  in 
Section  12  of  the  Conservancy  Act  of  Ohio.  In  the  preparation  of  the  plan, 
your  engineers  have  supplemented  and  completed  the  data  secured  and  the 
work  done  by  The  Morgan  Engineering  Company  under  the  direction  of 
The  Dayton  Flood  Prevention  Committee.  In  the  presentation  of  this  plan, 
it  has  seemed  advisable  to  outline  in  brief  the  data  on  which  the  plan  is 
based,  and  a  statement  of  the  processes  and  methods  employed  in  determin- 
ing its  various  features. 

When  this  plan  is  carried  into  effect  the  Miami  Valley,  in  our  opinion, 
will  be  permanently  protected  from  serious  damage  by  flood.  In  its  neces- 
sity for  flood  prevention,  the  valley  is  not  unique.  Wherever,  along  the 
rivers  of  this  country,  industrial  and  agricultural  development  reaches  a 
high  stage,  the  protection  of  these  interests  from  damage  by  uncontrolled 
flood  waters  becomes  necessary,  and  must  be  secured  before  permanent 
prosperity  is  established. 

The  immediate  cause  for  the  movement  for  flood  protection  and  the 
organization  of  The  Miami  Conservancy  District,  was  the  great  flood  of 
1913.  Here,  as  elsewhere,  the  movement  for  protection  has  waited  until  it 
should  receive  the  impetus  given  by  a  single  great  disaster,  though  the  ne- 
cessity for  protection  from  many  smaller  storms,  and  rarely  from  larger 
ones,  always  has  been  present,  and  will  continue  to  be  present  until  protec- 
tion is  secured.  As  the  development  of  the  valley  progresses  from  year  to 
year,  the  extent  of  the  interests  requiring  protection  from  floods  grows  con- 
tinually greater. 

In  the  preparation  of  the  plan  a  considerable  amount  of  original  engi- 
neering investigation  has  been  carried  on  by  the  engineering  force.  The 
completeness  of  these  investigations  and  accuracy  of  the  final  results  are 
due  in  a  large  measure  to  the  faithful  and  persistent  efforts  of  various  mem- 
bers of  the  force,  and  to  the  advice  and  counsel  of  the  consulting  engineers 
of  the  district.  Reports  on  the  investigations,  and  acknowledgments  of  the 
services  which  have  made  them  successful  are  out  of  place  in  an  official 
plan,  but  will  be  covered  at  a  later  date  in  a  separate  report.  Other  engi- 
neering organizations  have  been  generous  in  supplying,  without  charge, 
data  necessary  on  this  work,  and  it  would  seem  well  to  reciprocate  by  mak- 
ing the  results  of  these  investigations  generally  available. 

Respectfully  submitted, 

ARTHUR  E.  MORGAN, 

Chief  Engineer. 

This  report  was  presented  in  three  printed  volumes  and  two 
volumes  of  photographic  reproductions  of  drawings.  It  included: 
first,  a  selection  of  some  of  the  most  pertinent  and  important  facts 
from  the  great  volume  of  technical  and  engineering  data  which  had 
been  accumulated  in  the  course  of  the  preparation  of  the  plan ;  sec- 
ond, a  statement  of  the  more  important  principles  governing  the 
development  of  the  plan;  third,  a  detailed  description  of  the  plan 
itself;  fourth,  a  listed  description  of  the  property  affected;  fifth, 
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forms  to  be  used  in  advertising  the  work  before  letting  contracts, 
forms  of  contract  and  bond,  and  specifications  for  the  work ;  sixth, 
estimates  of  quantities  and  costs ;  and  seventh,  a  set  x)f  about  400 
drawings,  including  plans  of  the  work  to  be  done,  and  topographic 
and  property  maps  of  the  district. 

Over  three  thousand  copies  of  the  report  were  printed  and  dis- 
tributed. This  was  in  keeping  with  the  policy,  early  established,  of 
giving  the  people  of  the  valley  full  information  at  all  times.  Prac- 
tically every  newspaper  in  the  valley  published  a  description  of  the 
plan  so  illustrated  as  to  bring  it  to  the  attention  of  all  readers.  It 
was  described  by  the  leading  engineering  periodicals  of  the  country 
in  a  manner  calculated  to  draw  out  the  criticism  and  comment  of 
engineers  interested  in  flood  control  problems.  A  special  effort 
was  made  to  supply  copies  of  the  report  to  those  who  were  known 
to  be  opposing  the  plans,  to  give  them  the  benefit  of  all  the  informa- 
tion available.  In  some  cases  this  served  to  correct  misunderstand- 
ings regarding  the  plans  and  to  remove  distrust  of  the  motives 
actuating  the  advocates  of  the  flood  protection  plans. 

In  brief,  the  plan  provided  for  a  system  of  five  retarding  basins, 
supplemented  by  channel  improvement  through  the  cities.  The 
retarding  basins  were  to  be  formed  by  earth  dams  built  across  the 
valleys  of  the  Miami,  Mad,  and  Stillwater  Rivers,  and  on  Twin  and 
Loramie  Creeks.  The  highest  dam,  that  at  Englewood,  was  to  be 
120  feet  above  the  valley,  and  the  lowest,  the  Huffman  Dam,  was  to 
be  65  feet  high.  For  the  construction  of  all  the  dams,  a  total  of 
about  9,000,000  cubic  yards  of  earth  and  about  190,000  cubic  yards 
of  concrete  would  be  necessary.  Each  dam  was  to  have,  in  its  base, 
permanently  open  outlets  through  which  the  ordinary  flow  of  the 
river  and  the  flow  during  ordinary  freshets  would  pass  unimpeded. 
The  conduits  were  to  be  so  proportioned  that  no  more  water  could 
pass  through  them  than  could  be  carried  safely  in  the  improved 
channels  through  the  cities  below.  During  large  floods  the  water 
which  could  not  pass  through  the  outlet  conduits  would  be  held 
temporarily  in  the  basins  above  the  dams.  In  this  manner,  the 
larger  part  of  the  runoff  during  a  flood  like  that  of  1913,  which 
lasted  about  four  days,  would  be  distributed  over  a  period  of  about 
two  weeks  and  its  flood  height  would  be  correspondingly  reduced. 
The  local  flood  control  works  at  the  various  cities  were  to  consist 
of  widening  and  deepening  the  channels,  correcting  sharp  bends, 
raising  and  lengthening  bridges,  protecting  the  sides  and  bottoms 
of  channels  with  concrete  at  critical  points,  and  building  levees. 
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The   channel    improvement   work   would   involve   about   5,000,000 
cubic  yards  of  excavation  and  90,000  cubic  yards  of  concrete. 

During  the  1913  flood  about  1,415,000  acre  feet  of  water  fell  upon 
the  drainage  areas  above  the  proposed  dams.  The  total  capacity  of 
the  retarding  basins  to  the  spillway  level  would  be  840,000  acre  feet, 
or  60  per  cent  of  the  total  rainfall  of  the  1913  flood.  During  the  be- 
ginning of  a  flood,  and  again  during  its  ending  when  the  flow  is  still 
large  but  not  greater  than  the  channels  will  carry,  all  the  flow 
would  pass  through  the  openings  in  the  dams  and  none  would  be 
stored.  This  would  leave  the  whole  of  the  storage  capacity  of  the 
basins  available  for  detaining  the  excess  flow  of  the  flood  passing 


down  the  valley.  Assuming,  for  the  moment,  that  during  a  flood 
like  that  of  1913  all  the  rainfall  would  run  off  and  none  would  be 
stored  in  the  soil  to  run  off  slowly,  there  would  remain  575,000  acre 
feet,  or  40  per  cent  oE  the  rainfall,  to  pass  through  the  conduits. 
The  conduits  were  planned  of  such  size,  however,  that  considerably 
more  than  this  would  pass  through  them  during  this  interval,  leav- 
ing a  smaller  part  to  be  stored  in  the  basins,  and  in  such  a  flood  the 
water  consequently  would  not  rise  to  the  spillway  level.  The  river 
channels  would  be  filled  approximately  to  their  full  capacity  during 
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the  entire  time  of  the  flood,  and  it  would  be  only  the  peak  of  the 
flood,  the  part  that  the  rivers  cannot  carry,  which  would  be  tem- 
porarily held  back  in  the  retarding  basins.  By  improving  the  river 
channels  through  the  cities  the  rate  at  which  the  water  could  be 
allowed  to  pass  through  the  conduits  would  be  increased  and  the 
amount  that  must  be  held  back  in  the  basins  would  be  decreased, 
the  economic  balance  being  at  the  point  which  secures  the  desired 
control  at  the  lowest  cost. 

In  general,  the  greatest  rate  of  flow  through  the  cities  below  the 
retarding  basins  in  case  of  a  storm  like  that  of  1913  would  be  ap- 
proximately half  as  great  as  the  uncontrolled  flow  in  1913,  the  re- 
mainder being  cared  for  by  retarding  basin  control. 

The  work  was  so  planned  that  construction  could  proceed  simul- 
taneously on  all  of  the  channel  improvements  and  dams. 

PUBLIC  HEARINGS  ON  PLAN  AND  ITS  ADOPTION 

The  following  notice  was  published  in  each  of  two  newspapers 
of  different  political  affiliations  and  of  general  circulation  in  each  of 
the  counties  having  lands  in  the  district,  on  March  2,  9,  and  16, 
1916: 

Notice  is  herebj'  given  by  the  Board  of  Directors  of  The  Miami  Con- 
servancy District  that  a  plan  for  the  improvements  for  which  The  Miami 
Conservancy  District  was  created  has  been  completed,  and  that  all  persons 
interested  therein  may  inspect  the  same  at  the  office  of  said  Board  in  The 
Miami  Conservancy  building  at  the  southwest  corner  of  Monument  Avenue 
and  Jefferson  Street,  Dayton,  Ohio. 

All  objections  to  said  plan  will  there  be  heard  on  Monday,  the  10th  day 
of  April,  1916,  beginning  at  10  o'clock  a.  m.  and  continuing  from  day  to  day 
until  said  hearing  is  completed.  The  law  provides  that  all  objections  to  said 
plan  shall  be  in  writing  and  filed  with  the  Secretary  of  said  Board  at  his 
office  not  more  than  ten  (10)  days  after  the  last  publication  of  said  notice. 
The  last  publication  of  this  notice  will  be  Thursday,  March  16,  1916.  The 
office  of  the  Secretary  is  in  the  said  Miami  Conservancy  building. 

After  said  hearing  the  Board  will  adopt  a  plan  as  the  OFFICIAL  PLAN 
of  said  District. 

Edward  A.  Deeds, 
Gordon   S.   Rentschler, 
Henry  M.  Allen, 

Directors. 
Dated  March  1,  1916. 

In  accordance  with  this  notice  the  board  of  directors  held  meet- 
ings in  the  conservancy  building,  giving  opportunity  to  all  those 
interested  to  hear  and  be  heard.  The  general  plan  was  described 
and  the  engineers  of  the  district  explained  in  detail  the  various 
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parts  of  the  plan,  its  manner  of  operation,  and  the  affect  it  would 
have  on  any  particular  property  or  properties. 

At  the  first  of  these  meetings  the  board,  after  consulting  the 
convenience  of  the  various  objectors,  arranged  a  schedule,  assign- 
ing a  definite  date  for  hearing  the  objections  from  each  locality. 
This  served  to  expedite  the  hearings,  to  save  time  for  the  objectors, 
and  to  give  them  opportunity  of  hearing  any  part  or  all  of  the  pro- 
ceedings. Objections  from  the  same  locality  were  grouped  to- 
gether as  nearly  as  possible. 

A  total  of  twenty-three  objections  had  been  filed  with  the  secre- 
tary and  were  heard  and  considered  at  these  meetings.  Some  ob- 
jections were  made  by  certain  cities  and  towns  in  the  valley  against 
particular  features  of  the  proposed  work;  a  few  individuals  and 
corporations  asked  for  slight  modifications;  and  a  few  individuals 
protested  against  the  entire  plan.  The  railroads  entered  objections 
largely  in  order  not  to  waive  their  right  to  be  heard. 

In  some  cases  a  thorough  explanation  of  the  plan  entirely  set 
aside  the  objections.  In  other  cases  it  was  found  that  modification 
of  some  minor  detail  could  be  made  without  difficulty  to  satisfy 
the  wishes  of  a  property  owner  with  respect  to  his  property.  Ob- 
jections to  the  entire  plan  or  to  large  features  of  it  w^ere  carefully 
considered,  and  everv  effort  was  made  to  determine  in  detail 
whether  such  features  could  be  materially  altered,  and  to  explain 
the  situation  if  they  could  not. 

There  had  been  statements  to  the  eft'ect  that  Piqua  did  not  de- 
sire flood  protection  as  provided  by  the  plans  of  the  district.  In 
order  to  bring  the  issue  squarely  before  the  citizens,  the  directors 
arranged  a  special  meeting  with  them  during  the  hearing  of  objec- 
tions. A  large  delegation  of  the  leading  business  men  of  the  city 
attended  this  meeting,  at  which  the  plans  were  explained  in  detail 
and  questions  answered  concerning  them.  This  delegation  passed 
a  resolution  giving  complete  indorsement  of  the  plans. 

There  was  some  dissatisfaction  in  Tippecanoe  City  concerning 
the  district's  plans  for  local  protection  at  that  place.  Efforts  to 
come  to  an  agreement  with  the  village  council  having  failed,  the 
directors  suggested  that  the  council  name  any  competent  engineer 
to  investigate  the  proposed  plans  and  report  independently  as  to 
their  acceptability  from  the  standpoint  of  the  village,  the  district 
to  pay  the  entire  cost  of  the  investigation.  The  suggestion  was  fol- 
lowed, with  the  result  that  a  hydraulic  engineer  of  the  council's 
choosing  reported  a  general  approval  of  the  plans  in  so  far  as  they 
affected  Tippecanoe  City.     A  few  minor  modifications  were  sug- 
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gested  in  the  local  improvements  as  prescribed  by  the  plans.  These 
were  incorporated  in  the  plan  recommended  by  the  chief  engineer. 
During  the  hearing  certain  dates  were  set  aside  for  discussing 
the  plans  with  delegations  of  citizens  from  Troy,  Franklin,  and 
Middletown.  These  conferences  and  hearings  resulted  in  certain 
minor  adjustments  of  the  plans,  principally  in  details  of  the  local 
protection  of  the  various  cities  and  villages,  being  approved  by  the 
chief  engineer  and  adopted  l>y  the  board.  The  report  of  the  chief 
engineer,  incorporating  these  modifications,  was  formally  adopted 
on  May  10,  1916,  as  the  Official  Plan  of  the  District,  in  the  follow- 
ing resolution : 

RESOLVED,  That  the  Plan  reported  by  the  Chief  Engineer  and  filed 
with  this  Board  on  February  29,  1916,  together  with  certain  modifications, 
alterations,  additions,  corrections,  and  amendments,  this  day  approved  and 
agreed  upon,  be  hereby  adopted  as  the  Ofticial  Plan,  and  the  Secretary  is 
hereby  instructed  to  identify  the  same  by  causing  an  entry  to  be  made  upon 
a  copy  thereof  now  before  this  Board  under  his  hand  and  the  seal  of  this 
District,  which  copy  contains  the  completed  statement,  outline,  and  descrip- 
tion of  the  Official  Plan  of  The  Miami  Conservancy  District,  appearing  in 
three  printed  volumes  and  two  books  of  exhibits,  also  be  it 

RESOLVED,  That  the  said  Official  Plan  remain  on  file  with  the  Secre- 
tary for  the  purpose  of  inspection  and  reference,  and  such  other  uses  as  may 
be  ordered  from  time  to  time. 

On  October  3,  1916,  the  conservancy  court  convened  in  Memorial 
Hall  in  Dayton,  for  a  public  hearing  on  the  objections  to  the  official 
plan.    The  court  was  composed  of  the  following  judges : 

Carroll  C.  Sprigg  (presiding),  Montgomery  County 

A.  C.  Risinger,  Preble  County 

C.  H.  Kyle,  Cireene  County 

F.  W.  Geiger,  Clark  County 

C.  W.  Murphy,  Butler  County 

W.  D.  Jones,  Miami  County 

H.  C.  Mathers,  Shelby  County 

W.  J.  Wright,  Warren  County 

O.  J.  Cosgrave,  Hamilton  County 

The  district  was  represented  by  John  A.  McMahon,  counsel,  of 
Dayton,  Oren  B.  Brown,  attorney,  of  Dayton,  and  E.  J.  B.  Schu- 
bring,  examining  attorney,  of  Madison,  Wisconsin,  assisted  by 
other  attorneys  from  various  cities  and  towns  of  the  valley.  For 
the  objectors  appeared  a  number  of  local  attorneys,  while  certain 
non-objectors  wishing  to  preserve  their  rights  to  be  heard,  were 
also  represented.  There  were  also  present  the  chief  engineer  of  the 
district  with  his  principal  assistant  engineers  and  a  number  of  en- 
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gineers  from  various  parts  of  the  country,  called  in  to  give  expert 
testimony  in  the  case. 

The  court  arranged  a  schedule  of  procedure  which  could  be  fol- 
lowed to  the  best  advantage  of  all  concerned.  The  list  of  objectors 
was  first  read  by  the  clerk,  and  a  record  made  stating  by  whom 
each  was  to  be  represented.  The  official  plan  was  then  formally 
brought  before  the  court,  and  a  statement  made  by  Attorney  Schu- 
bring  describing  the  general  features  of  the  plan.  Following  this, 
a  statement  of  the  objections  was  made  by  Attorney  P.  R.  Taylor. 
The  court  then  took  a  recess  of  three  days  to  inspect  the  locations 
for  the  proposed  protective  works  in  company  with  the  chief  engi- 
neer of  the  district,  and  the  engineer  of  the  opponents  of  the  plan. 

The  court  reconvened  on  October  10,  when  attorneys  for  the 
opposition  asked  to  be  allowed  to  call  Chief  Engineer  Arthur  E. 
Morgan  as  an  adversary  witness  for  cross-examination.  After  some 
deliberation  the  court  granted  this  request.  For  five  consecutive 
days  Mr.  Morgan  replied  to  a  continuous  cross-examination.  His 
testimony  was  commented  on  in  the  Dayton  Daily  News  as  follows : 

♦  ♦  ♦  His  cross-examination  had  not  tnore  than  started  before  it 
was  apparent  to  everyone  that  he  had  a  grasp  of  the  subject  clearly  beyond 
anything  that  was  to  be  expected.  This  impression  was  made  more  and 
more  certain  as  the  trial  proceeded.  No  possible  plan  that  could  have  any 
application  however  remote  to  the  problem  in  this  valley  had  been  over- 
looked. No  line  of  reasearch  had  been  abandoned  until  its  particular  bear- 
ing on  the  main  problem  had  been  definitely  determined.  The  opposition 
had  other  plans  for  flood  protection  to  suggest.  They  had  spent  much  time 
and  money  in  investigating  and  working  out  these  plans.  But  they  found 
during  the  course  of  this  hearing  that  the  conservancy  district  had  made  so 
much  more  careful  study  of  these  same  opposition  plans,  and  thorough  inves- 
tigation of  their  application  to  conditions  here,  that  there  was  no  comparison 
as  regards  the  reliability  of  results.  During  the  five  days  that  Mr.  Morgan 
was  on  the  stand  there  was  no  request  for  information  made,  either  by  the 
opposition  attorneys  or  by  members  of  the  court,  that  was  not  met  with  in- 
stant response.  The  most  unexpected  subjects  were  brought  up.  The  most 
obscure  criticisms  were  introduced.  The  promptness  and  thoroughness  of 
the  answer  was  always  more  surprising  and  unexpected  than  the  question 
itself.  ♦  ♦  ♦  Mr.  Morgan's  discussion  of  the  theory  of  rainfall  and  of  his 
research  on  that  subject  held  the  attention  of  the  court  and  spectators  for 
more  than  two  hours  at  one  session.  It  showed  such  careful  study  of  that 
one  subject  and  such  logical  conclusions  as  to  future  conditions  to  be  ex- 
pected in  the  Miami  Valley  that  even  one  of  the  opposition  attorneys  took 
occasion  to  express  his  admiration  of  the  achievement  in  his  closing  argu- 
ment. 

Mr.  Morgan  gave  an  outline  of  the  plan  itself,  of  the  manner  of 
its  operation,  and  of  the  methods  to  be  used  in  constructing  the 
proposed  works.    His  testimony  fills  over  600  typewritten  pages. 
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Following  this  the  objectors  calied  various  local  witnesses  to 
substantiate  their  claims.  The  only  engineer  witness  presenting 
evidence  in  support  of  the  objectors  was  John  \V.  Hill,  consulting 
engineer  of  Cincinnati.  He  had  been  employed  by  the  counties  of 
Miami,  Shelby,  and  Clark  to  make  plans  and  estimates  to  provide 
(or  flood  relief  by  means  of  a  system  of  channel  improvement  and 
also  to  verify  the  estimates  given  in  the  official  plan.  Against  this 
testimony  the  district  placed  the  testimony  of  Chief  Engineer  Mor- 
gan, of  four  of  his  assistants,  and  of  five  other  engineers  of  national 
reputation,  all  of  whom  testified  as  tu  the  ade<|uacy,  safety,  and 
reasonable  cost  of  tlie  official  plan. 


In  refuting  the  objectors'  contention  that  the  Miami  is  a  navig- 
able stream,  and  therefore  under  direct  control  of  the  Federal  Gov- 
ernment, counsel  McMahon  called  to  the  stand  Judge  Dennis 
Dwyer.  an  early  settler  of  Dayton.  The  spectacle  of  this  pioneer  of 
the  valley,  87  years  old,  being  questioned  on  the  witness  stand  as  to 
the  history  of  the  river  by  another  resident  of  nearly  the  same  age 
was  one  of  the  most  impressive  incidents  of  the  hearing. 

Edward  A.  Deeds,  president  of  the  board  of  directors,  occupied 
the  witness  stand  for  over  a  day.     He  gave  a  good  idea  of  some  of 
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the  larger  complexities  and  difficulties  met  by  the  Flood  Prevention 
Committee,  reviewed  the  history  of  the  project,  and  gave  a  descrip- 
tion of  events  leading  to  the  adoption  of  the  plan.  In  closing,  he 
declared  that  a  failure  to  provide  fiood  protection  would  mean  the 
end  of  business  and  industrial  growth  in  the  valley  and  in  this  way 
might  be  a  worse  calamity  than  the  1913  flood  itself.  His  testimony 
was  a  vital  factor  in  bringing  out  the  consistency  of  the  work  and 
the  adequacy  of  the  plan. 

The  hearing  was  concluded  on  November  24,  1916,  having  con- 
tinued for  a  period  of  seven  weeks.  The  testimony  fills  over  3,000 
typewritten  pages,  large  parts  of  which  are  very  interesting  and 
instructive. 

SUMMARY  OF  TESTIMONY 

The  arguments  against  the  plan  may  be  classed  according  to 
their  general  character  as ;  first,  those  opposing  retarding  basins, 
dwelling  on  the  hazard  of  the  dams  and  on  the  damage  that  might 
be  caused  to  lands  and  properties  in  or  near  the  basins;  second, 
those  contending  for  changes  of  certain  details,  capable  of  being 
investigated  with  the  idea  of  possible  adjustment;  third,  those 
purely  visionary ;  and  fourth,  those  based  on  legal  technicalities. 
The  last  were  overruled  by  the  court  for  later  consideration  in  or- 
der to  proceed  with  the  hearing  of  the  objections  to  the  plan  itself. 
The  second  and  third  class  of  arguments  were  answered  by  a  de- 
tailed explanation  of  the  plan. 

Gradually  the  opposition  fell  back  on  the  general  argument  that, 
regardless  of  how  safely  the  dams  might  be  planned,  there  would 
still  remain  danger  of  some  one  of  them  at  some  time  failing.  In 
this  connection  they  contended  that  ice  and  drift  would  block  the 
conduits,  that  the  high  velocities  in  the  conduits  would  be  danger- 
ous, and  that  large  earth  dams  were  not  customarily  built  above  im- 
portant cities.  They  contended  also  that  the  dams  as  planned 
were  unnecessarily  large  and  that  the  degree  of  protection  planned 
was  larger  than  warranted.  Thus  they  contended  on  the  one  hand 
that  the  works  were  unsafe  and  inadequate  and  on  the  other  that 
they  were  larger  than  required.  It  was  also  claimed  that  sewers 
would  be  rendered  useless  by  backwater,  that  the  best  farm  lands 
in  the  state  would  be  destroyed,  and  that  malaria  and  other  diseases 
would  result  from  the  water  retarded  in  the  basins.  By  the  testi- 
mony of  John  \V.  Hill,  the  opposition  undertook  to  show  that  a  sys- 
tem of  channel  improvement  was  practicable  and  preferable  to  the 
system  given  in  the  official  plan,  that  the  estimated  cost  for  the  pro- 
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posed  construction  was  low,  and  that  dams  may  not  be  safe.  In 
support  of  this  they  presented  Mr.  hill's  150-page  printed  report  at- 
tacking the  plan  of  the  district. 

In  reply  to  these  arguments  the  engineers  of  the  district  pre- 
sented the  results  of  their  studies,  supported  by  their  personal  ex- 
perience and  by  photographs  and  illustrations.  Added  to  their 
testimony  was  that  of  T.  W.  Jaycox,  consulting  engineer  of  Denver, 
with  extended  experience  in  the  construction  of  earth  dam^  in  the 
west;  of  F.  J.  Fischer,  construction  engineer  of  the  Los  Angeles 
Water  Supply  Commission ;  of  Brigadier  Ueneral  Wm.  H.  Bixby, 
former  Chief  of  Engineers,  U.  S.  Army :  of  Daniel  \V.  Mead,  hy- 
draulic engineer  of  Madison,  Wisconsin ;  and  of  Brigadier  General 
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Boals  in  rhe  foreground  witc  niadf  3l  the  National  Cash  Register  fac- 
tory for  use  in  relief  work. 

II.  M.  Chittenden,  of  Seattle,  Wa.shington,  also  former  Chief  of 
Engineers.  U.  S.  Army.  These  engineers  expressed  unqaulified  ap- 
proval of  the  official  plan.  General  Chittenden  stated  on  the  stand 
that  this  plan  had  been  worked  out  with  more  care  and  tho;-ough- 
ness  than  any  engineering  project  of  which  he  had  any  knowledge. 
He  took  occasion  to  say  particularly  that  the  Panama  Canal  was 
not  an  exception. 

A  masterly  summary  of  the  argument  replying  to  the  objections 
was  presented  in  the  final  rebuttal  by  Attorney  Schubring.     His 


132  MIAMI  CONSERVANCY  DISTRICT 

keen  insight  into  engineering  matters  enabled  him  to  make  a  re- 
markably clear  and  convincing  interpretation  of  the  relative  value 
of  the  contentions  presented  before  the  court.  In  concluding  he 
presented  the  issue  forcibly  to  the  court  and  pointed  out  that  the 
plan  had  been  worked  out  under  the  best  engineering  skill  avail- 
able, that  it  had  the  unqualilied  approval  of  the  best  engineers  in 
the  country,  that  no  other  plan  was  practicable  for  the  valley,  and 

that  a  refusal  of  the  plan  presented  would  make  the  protection  of 
« 

the  valley  against  flood  disasters  practically  impossible. 

REPORT  OF  FLOOD  BOARD  OF  ARMY  ENGINEERS 

During  the  course  of  the  hearing  frequent  reference  was  made 
by  opposing  counsel  to  the  attitude  of  government  engineers,  en- 
deavoring to  show  that  these  engineers  were  opposed  to  the  lise  of 
retarding  basins  for  flood  control  purposes.  Allusions  to  a  forth- 
coming report  of  the  C)hio  Valley  Flood  Board  of  Army  Engineers, 
intimating  that  this  report  was  being  purposely  held  back  because 
it  disapproved  the  official  plan,  led  the  directors  of  the  district  to 
secure  permission  from  the  War  Department  to  receive  an  advance 
copy  of  this  report,  not  for  publication  but  for  examination  by  the 
court.  A  reading  of  the  report  silenced  the  arguments  of  the  ob- 
jectors as  nothing  else  could,  sincfe  it  in  no  way  took  exception  to 
the  official  plan.  It  stated  concerning  the  question  of  navigability 
of  the  Miami  River  that  there  could  be  no  future  navigation  in  a 
commercial  sense  without  radical  improvements.  It  condemned 
partial  protection  by  means  of  inadequate  levees,  stating  that  such 
embankments  should  be  removed  from  valleys  subjected  to  great 
floods  except  where  they  form  i)art  of  a  comprehensive  plan  for 
flood  protection ;  or,  when  for  other  reasons,  it  is  evident  that  their 
presence  Is  not  a  source  of  danger.  Referring  to  conditions  at  Day- 
ton the  report  states : 

It  is  probable  that  the  best  protection  for  Dayton  under  existing  con- 
ditions would  be  dams,  one  each  on  the  Stillwater,  Upper  Miami,  and  Mad 
Rivers,  just  above  Dayton,  so  designed  as  to  reduce  the  maximum  standard 
storm  discharge  at  Dayton  to  an  amount  which  can  be  economically  and 
safely  cared  for  by  improvement  of  the  Dayton  channel,  which  is  probably 
not  less  than  100,000  second  feet. 

The  adequacy  of  the  plan  is  briefly  commented  on  in  the  follow- 
ing quotations : 

Adequacy  of  the  Plans — It  was  felt  by  those  concerned  that  a  project 
involving  such  a  large  sum,  in  order  to  justify  the  expenditure,  should  fur- 
nish as  complete  protection  as  possible.  Realizing  this  the  conservancy  dis- 
trict has  based  the  reservoir  capacities  and  channel  improvements  upon  a 
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standard  storm  greater  in  intensity  than  that  of  1913.  The  standard  storm 
was  adopted  after  an  exhaustive  search  covering  the  records  of  all  storms 
east  of  the  Rocky  Mountains  so  far  as  the  U.  S.  Weather  Bureau  files  record 
them.    ♦     *    * 

SpiUways — In  order  that  the  dams  shall  not  be  overtopped  their  safety 
is  secured  by  means  of  spillways  which  are  adequate  to  care  for  a  storm  far 
in  excess  of  the  standard  storm. 

The  reservoirs  proposed  above  Dayton  are  well  located  to  secure  the 
maximum  benefit  for  that  city.  They  are  sufficiently  near  to  control  all  but 
70  square  miles  of  the  entire  drainage  area  above  Dayton.  This  70  miles  is 
not  believed  to  be  extensive  enough  to  cause  any  danger  to  Dayton  due  to 

severe  local  storms. 

*  *  *  *  *  *  *  *  *  * 

♦  *  *  While  the  plan  does  not  include  the  entire  valley  it  aims  to 
provide  protection  for  all  places  where  such  protection  is  most  urgently 
needed  so  far  as  can  be  economically  justified.     ♦     ♦     * 

DECISION  AND  OPINION  OF  COURT 

On  November  24  the  conservancy  court  formally  approved  the 

official  plan  and  issued  the  following  statement  of  its  findings : 

1.  The  Court  is  of  the  opinion  that  the  question  raised  as  to  the  con- 
stitutionality of  the  law  by  reason  of  the  decisions  in  the  cases  of  Baumann 
v.  Dayton  in  the  66  O.  S.,  and  Commissioners  v.  Gates  in  the  83  O.  S.  is  not 
now  properly  before  the  Court  for  the  reason  that  it  does  not  appear  that 
any  assessment  has  been  made  against  any  specific  piece  of  property  and 
that  therefore  no  one  is  now  in  a  position  to  complain;  and  for  the  same 
reason  other  questions  as  to  the  constitutionality  of  the  act  on  account  of 
the  method  provided  for  raising  of  funds  is  not  now  before  the  Court. 

To  this  finding,  Judge  Mathers  dissents. 

2.  The  Court  is  of  the  opinion  that  the  Miami  River  is  not  a  navigable 
stream  in  law  or  fact. 

3.  The  Court  is  of  the  opinion  that  any  obstruction  that  may  occur 
from  the  adoption  of  the  plan  to  the  public  use  or  navigation  of  the  Miami 
and  Erie  Canal  is  authorized  by  the  contract  between  the  Conservancy 
Board  and  the  state  officials  as  provided  for  in  the  Conservancy  Act. 

4.  As  to  the  objection  that  no  construction  shall  be  made  under  the 
authority  of  the  Act  which  will  cause  the  flooding  of  any  village  or  city  un- 
less the  Board  shall  have  acquired  and  paid  for  the  right  to  use  the  land 
affected  for  such  purpose  and  shall  have  paid  all  damages  incident  thereto, 
the  court  is  of  the  opinion  that  such  provision  of  the  law  does  not  prevent 
the  adoption  of  the  Official  Plan. 

5.  The  Court  is  of  the  opinion  that  channel  improvement  alone  for  the 
entire  Conservancy  District  is  not  feasible  or  practicable  and  is  prohibitive 
in  cost  and  would  not  adequately  protect  the  District  from  flood  waters. 

Judge  Mathers  dissents  from  the  proposition  that  channel  improvement 
alone  would  not  adequately  protect  against  floods. 

6.  The  Court  is  of  the  opinion  that  the  combination  of  dams  and  dry 
detention  basins  together  with  channel  improvement  is  the  only  practical 
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and  efficient  method  of  protecting  the  Miami  Valley  from  the  results  of  de- 
structive floods. 

7.  The  Court  is  of  the  opinion  that  earthen  dams  with  concrete  con- 
duits and  spillways  as  provided  for  in  the  Official  Plan  are  safe  and  will  be 
of  sufficient  strength  to  sustain  at  all  time  any  burden  that  may  be  placed 
upon  them  by  impounded  water. 

Judges  Jones  and  Mathers  and  Kyle  do  not  fully  concur  in  the  foregoing 
but  find  that  a  preponderance  of  the  evidence  shows  that  the  dams  as  pro- 
vided will  be  reasonably  safe. 

8.  The  Court  is  of  the  opinion  that  it  would  not  be  feasible  to  reduce 
the  height  of  the  Huffman  dam  or  its  spillway.  To  this  Judges  Kyle  and 
Geiger  dissent. 

9.  The  Court  is  of  the  opmion  that  the  Lockington  Dam  should  not  be 
eliminated  from  the  Official  Plan. 

To  this  Judges  Jones,  Mathers,  and  Geiger  dissent. 

10.  The  Court  is  of  the  opinion  that  the  objections  filed  to  the  Official 
Plan  as  proposed  by  the  Board  of  Directors  of  The  Conservancy  District 
should  be  overruled;  that  the  work  proposed  in  said  plans  is  necessary,  and 
that  the  same  will  be  conducive  to  and  conserve  the  public  health,  safety, 
convenience,  and  welfare  of  The  Miami  Conservancy  District,  and  the  Court 
therefore  adopts  the. said  Official  Plan. 

To  the  judgment  of  the  Court  adopting  the  Official  Plan,  Judges  Jones 
and  Mathers  dissent  by  reason  of  the  finding  made  by  the  Court  in  the  ninth 
syllabus  hereof  refusing  to  eliminate  the  Lockington  Dam;  otherwise  con- 
curring with  the  majority  of  the  court. 


CHAPTER  VL— APPRAISAL  OF  BENEFITS 

AND  DAMAGES 

PURPOSE  AND  SCOPE 

The  conservancy  act  provides  that  improvements  constructed 
under  it  shall  be  paid  for  by  special  assessments  against  the  prop- 
erties benefited.  It  requires  the  board  of  appraisers  of  a  district  to 
appraise  the  benefits  of  every  kind,  to  all  real  property  affected, 
which  will  result  from  the  execution  of  the  official  plan,  the  damages 
sustained  by  such  property,  and  the  value  of  the  land  and  other 
property  necessary  to  be  taken  by  the  district.  The  appraisers  are 
required  also  to  appraise  the  benefits  and  damages,  if  any,  accruing 
to  counties,  townships,  cities,  villages,  and  other  public  corpora- 
tions. 

The  total  benefits  in  a  district  must  be  greater  than  the  esti- 
mated cost  of  the  proposed  improvement ;  otherwise,  according  to 
the  law,  the  work  cannot  be  undertaken,  and  the  district  may  be 
disorganized.  The  appraisal  of  benefits  serves  a  purpose  similar  to 
the  appraisement  for  state  and  county  taxes.  A  tax  appraisement 
furnishes  the  basis  for  levying  taxes  so  that  each  owner  of  property 
will  pay  his  right  proportion.  In  the  same  way,  the  appraisal  of 
benefits  of  a  conservancy  district  gives  a  basis  for  dividing  the  cost 
of  the  proposed  improvement  in  a  fair  way  among  the  owners. 
Upon  completion  of  the  appraisal  of  benefits  and  damages,  the  cost 
of  the  improvement,  including  damages  to  be  paid,  is  assessed 
against  the  properties  affected,  in  proportion  to  the  benefits  ap- 
praised against  them. 

The  total  benefits  as  appraised  by  the  board  of  appraisers  of  the 
Miami  Conservancy  District  amounted  to  almost  three  times  the 
estimated  cost  of  the  protection,  so  that  each  owner  was  assessed  an 
amount  equivalent  to  about  one-third  of  the  appraised  benefit  to  his 
property.  Any  property  to  be  taken  or  damaged  by  the  district  had 
to  be  bought  and  paid  for  in  full  before  any  construction  affecting  it 
could  be  commenced. 

The  plan  of  the  district  affected  many  thousands  of  tracts  of 
country  lands  and  city  properties,  as  well  as  property  belonging  to 
various  municipalities,  public  utilities,  and  other  interests.  Some 
of  the  lands  were  needed  to  provide  right-of-way  on  which  to  locate 
the  works  of  the  district,  some  lands  within  the  retarding  basins 
were  to  be  subjected  to  varying  degrees  of  future  flooding,  some 
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were  to  be  given  complete  protection  against  future  floods,  while 
others  were  to  receive  only  partial  protection.  Some  of  the  prop- 
erties had  suffered  only  slightly  from  past  floods,  while  others  had 
suffered  greatly.  The  1913  flood  in  certain  cases  swept  away  entire 
buildings  and"  washed  out  the  lots  on  which  they  had  stood.  Thus 
the  affected  area  included  properties  which  had  been  rendered  al- 
most worthless  and  properties  of  great  value,  a  fair  comparison  of 
whose  values  was  not  always  given  by  the  assessed  valuations  on 
the  tax  duplicate.  During  the  1913  flood  the  physical  loss  to  prop- 
erty in  the  district  by  flood  and  fire  was  estimated  at  about  $65,- 
000,000  to  private  and  public  property,  and  about  $5,000,000  to  util- 
ities. Coupled  with  this  was  the  general  depreciation  of  property 
values,  the  loss  of  labor,  earning,  and  the  time  required  for  replace- 
ments. It  was  the  duty  of  the  appraisers  to  estimate  for  each  prop- 
erty the  benefit  or  damage  which  would  result  from  the  construction 
of  the  proposed  works,  and  to  specify  it  in  dollars  and  cents.  This 
appraisal  of  benefits  and  damages  presented  a  problem  of  many 
complications  and  of  large  proportions. 

GENERAL  METHODS 

The  appraisers  of  the  district,  J.  Edward  Sauer,  president  of 
the  Teutonia  National  Bank  of  Dayton ;  Charles  W.  Kiser,  former 
county  treasurer  of  Miami  County,  Ohio ;  and  Samuel  M.  Goodman, 
manufacturer  and  director  of  the  American  Rolling  Mills  Com- 
pany, Middletown,  Ohio,  were  appointed  in  August,  1915.  They 
immediately  began  a  study  of  the  proposed  plans  of  the  district,  and 
a  field  inspection  of  the  properties  affected.  They  held  conferences 
with  the  engineers  of  the  district  in  order  to  become  familiar  with 
the  Official  Plan  and  the  various  details  and  features  that  would 
affect  the  properties  involved.  They  personally  inspected  the  lands 
in  the  district  to  get  first  hand  knowledge  of  each  individual  farm, 
and  of  conditions  and  values  in  general.  Continued  investigations 
and  frequent  inspection  trips  gave  them  very  accurate  knowledge 
of  the  relative  conditions  and  values  prevailing  in  all  portions  of 
the  district.  The  engineer  most  familiar  with  a  particular  local 
situation  often  accompanied  the  appraisers  to  explain  in  detail  how 
various  properties  were  affected. 

Supplementing  their  study  of  the  plans  and  their  field  inspec- 
tions, the  appraisers  held  conferences  with  real  estate  men  and 
property  owners  to  confirm  their  judgment  as  to  property  values 
and  the  value  of  flood  protection.  The  engineering  department  of 
the  district  furnished  maps,  tables,  and  diagrams  showing :  the  loca- 
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tion  of  properties;  the  frequency  and  extent  of  past  flooding;  the 
degree  of  protection  provided ;  and  the  depth,  duration,  season,  and 
frequency  of  flooding  that  would  have  occurred  within  the  basins 
had  they  been  in  operation  during  previous  years. 

Under  the  supervision  of  Logan  W.  Marshall,  chief  tax  and 
appraisal  agent,  a  force  of  office  clerks,  stenographers,  and  field  in- 
spectors was  organized  to  carry  on  the  detail  work  connected  with 
the  appraisals.  John  E.  Feight  of  Dayton  was  employed  as  chief 
assistant  to  Mr.  Marshall,  and  Robert  Kennedy  was  given  super- 
vision of  the  work  in  Hamilton  and  Butler  Counties. 

A  complete,  accurate  record  of  all  properties  that  would  be 
benefited  or  damaged  was  needed  for  the  appraisal.  This  was  com- 
piled in  suitable  form,  on  sheets  printed  for  the  special  purpose  of 
collecting  and  classifying  the  data  on  which  the  appraisals  were  to 
be  based.  A  separate  sheet  was  used  for  each  piece  of  property. 
The  information'  collected  on  these  forms  included  such  items  as 
location,  size,  description,  character,  and  ownership  of  tracts  and 
lots;  the  number,  kind,  size,  use,  and  condition  of  buildings;  the 
appraised  value  of  the  property  as  recorded  in  the  tax  duplicate  and 
its  value  as  appraised  by  the  district ;  and  also  the  degree  of  protec- 
tion provided.  The  listing  of  properties  was  done  in  the  office. 
Details  of  description  were  entered  by  inspectors  on  the  ground, 
while  the  information  as  to  degree  of  protection  provided  was  sup- 
plied by  the  engineering  department.  The  appraisers  examined  the 
sheets  as  they  were  completed  and  made  further  inspections  in  the 
field  to  verify  and  check  the  data.  With  this  preparation  and  in- 
formation they  were  able  to  establish  an  equitable  basis  for  their 
appraisements.  The  main  work  naturally  became  divided  into  two 
branches,  that  for  determining  damages  and  that  for  determining 
benefits. 

METHODS  OF  DETERMINING  DAMAGES 

The  land  in  the  basins  subjected  to  flooding  on  account  of  the 
dams  constitutes  the  major  part  of  the  damaged  property  in  the 
district.  It  was  found  that  the  owners  of  some  of  this  land  preferred 
to  sell,  while  others  wished  to  retain  their  land  and  to  sell  to  the 
district  an  easement  for  the  increased  future  flooding.  To  meet 
this  situation  an  appraisal  was  made  of  the  market  value  of  each 
property  before  the  construction  of  the  proposed  works,  of  the  value 
of  the  flood  easement,  and  of  any  further  damages  that  would  be 
sustained  as  a  result  of  any  part  of  the  construction.    In  determin- 
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ing  damages  or  easements  to  be  allowed,  the  main  factors  con- 
sidered were : 

a.  Value  of  the  property  before  being  affected  by  the  proposed 
works. 

b.  Frequency,  duration,  depth,  and  season  of  flooding  which 
might  be  caused  by  the  proposed  works,  as  compared  with  the  orig- 
inal flooding  conditions. 

It  was  the  aim  of  the  district  to  give  first  consideration  to  the 
wishes  of  the  owner  in  deciding  whether  a  tract  of  land  should  be 
purchased  by  the  district,  or  whether  a  flood  easement  should  be 
taken ;  and  in  otherwise  adjusting  the  ownership  and  control.  Im- 
portant factors  in  this  connection  were  the  regulations  required  for 
controlling  the  location  of  buildings  in  the  basins,  and  the  problem 
of  providing  suitable  home  sites  for  tracts  in  the  lower  portions  of 
the  basins  which  at  times  might  be  subjected  to  deep  flooding.  On 
recommendation  of  the  engineers,  building  limits  were  fixed  in 
each  basin  at  from  five  to  ten  feet  below  the  proposed  spillway  ele- 
vation; and  sufficient  high  land  adjacent  to  the  basins  was  pur- 
chased for  necessary  home  sites.  Such  low  lands  as  were  purchased 
by  the  district  were  provided  with  suitable  means  of  ingress  and 
egress,  and  with  building  sites  on  high  ground. 

The  amounts  paid  for  properties  needed  for  right-of-way  pur- 
poses were  based  on  the  original  value  of  the  property,  the  size  of 
the  portion  taken,  damages  sustained  in  the  removal  of  buildings, 
etc.,  a^id  the  effect  on  the  remainder  of  the  property. 

In  the  case  of  railroads  damaged  by  being  required  to  relocate 

« 

their  lines  on  account  of  the  basin,  complete  plans  and  estimates 
of  cost  for  the  changes  were  worked  out  by  the  district.  Independ- 
ent detailed  estimates  of  the  damages  and  benefits  accruing  to  the 
railroads  by  reason  of  such  changes  were  made  by  the  district  and 
by  the  railroad  companies.  These  estimates  agreed  so  closely  that 
after  adjustment  of  diflerences  they  were  used  as  the  basis  for  the 
final  appraisal. 

METHODS  OF  DETERMINING  BENEFITS 

The  amount  of  benefits  that  would  accrue  to  a  particular  prop- 
erty from  the  execution  of  the  Official  Plan  depended,  in  the  main, 
upon  the  following  considerations : 

a.  Value  of  the  property 

b.  Degree  of  protection  needed 

c.  Degree  of  protection  provided 

Properties  benefited  were  considered  as  either  special  or  general 
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cases.  Special  cases  were  those  that  needed  individual  considera- 
tion. These  included  county  and  township  highways,  municipal 
properties,  and  public  utilities,  such  as  railroads,  light  and  power 
plants,  etc.  The  general  cases  were  those  that  could  be  classified 
into  groups  to  which  uniform  rules  or  principles  of  appraisal  were 
applicable.  The  latter  were  of  two  kinds,  city  lots  and  country 
lands.  Each  of  these  kinds  was  further  subdivided  into  classes  ac- 
cording to  the  depth  of  past  flooding,  degree  of  protection  provided, 
nature  of  use  of  property,  and  other  important  factors,  such  as 
danger  from  swift  currents,  the  liability  to  be  surrounded  by  deep 
flooding,  etc.  The  benefit  to  all  properties  falling  into  any  one  of 
these  classes  was  determined  by  a  set  of  factors  or  considerations 
applicable  to  that  class,  modified  where  necessary  by  fixed  rules  of 
application. 

Benefits  to  City  Lots 

The  determination  of  benefits  to  properties  in  the  cities  was 
perhaps  the  most  difficult  part  of  the  appraisers'  task.  Each  lot 
had  to  be  considered  with  reference  to  its  value,  location,  elevation, 
degree  of  past  flooding,  and  degree  of  protection  provided.  The 
actual  benefit  to  a  property  is  the  diHerence  in  its  value  before  and 
after  the  construction  of  the  improvement.  It  was  found,  however, 
that  the  market  values  then  existing  did  not  represent  the  actual 
value  without  protection.  The  very  fact  that  plans  for  protection 
had  been  completed  and  that  this  appraisal  of  benefits  was  being 
made,  kept  real  estate  values  almost  up  to  the  level  that  would  have 
resulted  from  the  securing  of  actual  protection.  If  it  had  developed 
that  protection  were  impossible,  property  values  would  have  drop- 
ped much  below  the  existing  level.  This  depreciation  represents 
a  large  part  of  the  benefit  derived  from  the  improvement.  The  re- 
mainder of  the  benefit  is  the  further  increase  in  existing  values  di- 
rectly due  to  the  improvement.  The  increased  value  with  protec- 
tion was  found  to  be  much  nearer  existing  market  values,  than  was 
the  value  without  protection,  and  it  was  therefore  decided  to  first 
appraise  the  values  with  protection.  These  were  determined  from 
an  examination  of  the  information  collected  and  recorded  on  the 
printed  forms,  from  consultations  with  the  inspectors,  and  from  a 
general  viewing  of  the  properties. 

Having  appraised  the  value  with  protection  it  was  next  neces- 
sary to  determine  what  part  of  such  value  represented  the  benefit 
derived  from  protection ;  or,  in  other  words,  the  amount  that  this 
value  would  depreciate  if  protection  were  not  secured.     For  this 
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purpose  the  engineering  department  prepared  maps  of  the  cities, 
towns,  and  villages,  upon  which  were  outlined  zones  or  areas  show- 
ing depth  of  past  flooding,  and  areas  receiving  equal  degrees  of  pro- 
tection as  provided  by  the  plan.  After  a  careful  examination  of 
these  zones,  and  after  conferences  with  representative  real  estate 
and  other  business  men,  a  schedule  of  percentages  was  assigned, 
indicating  the  amount  of  benefit  derived  in  each  zone.  For  instance, 
it  was  decided  that  the  benefit  to  property  in  those  zones  having 
the  greatest  need  for  protection  which  were  deeply  flooded  in  1913 
and  which  were  provided  complete  relief  by  the  plan,  was  about  30 
per  cent  of  its  value,  based  upon  its  having  such  protection.  Such 
properties  were  considered  as  having  the  maximum  or  100  per  cent 
benefit  factor.  Zones  having  less  imperative  need  of  protection 
were  assigned  benefit  factors  ranging  from  100  per  cent  down,  de- 
pending upon  the  depth' of  past  flooding  and  the  degree  of  protec- 
tion provided.  Thus,  a  property  situated  in  a  zone  to  which  the  50 
percent  benefit  factor  applied  was  assessed  50  per  cent  of  the  maxi- 
mum benefit  rate  of  30  per  cent,  or  15  per  cent  of  its  appraised  value, 
protected.  If  the  appraised  value  of  this  property,  protected,  were 
$5,000  the  resulting  benefits  would  be  $750. 

Special  Cases  of  Benefits  and  Damages 

The  special  cases,  for  both  benefits  and  damages,  were  given 
careful  individual  study  by  the  appraisers,  and  in  some  cases  spe- 
cial valuations  of  the  properties  were  made.  Conferences  were  held 
with  the  owners  of  property  and  whenever  possible  agreements 
were  reached  in  regard  to  the  benefits  or  damages  to  be  awarded. 
The  treatment  of  special  cases  is  particularly  well  illustrated  by 
the  agreements  made  with  the  railroads.  They  were  given  all  the 
engineering  data  accumulated  by  the  district  bearing  on  their  re- 
spective cases.  The  engineers  of  the  railroad  companies  then  made 
studies  of  the  various  situations.  They  frequently  arrived  at  prac- 
tically the  same  conclusions  as  regards  cost  of  construction,  bene- 
fits, and  damages  that  had  been  reached  by  the  engineers  of  the 
district. 

APPRAISAL  RECORD 

The  appraisal  record  was  made  in  triplicate  and  bound  in  book 
form.  It  gave  a  list  of  the  owners  of  all  property  affected,  a  legal 
description  of  each  piece  of  property,  together  with  the  appraised 
benefit  to  be  derived  from  flood  protection.  Where  property  was 
to  be  damaged,  or  subjected  to  greater  flooding  than  before,  the 
amounts  appraised  for  the  damage,  or  for  an  easement,  were  given. 
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The  amount  to  be  paid  for  land  to  be  purchased  was  stated  as  ap- 
praised. In  cases  where  either  a  title  to  the  property  or  a  flood 
easement  would  serve  the  purposes  of  the  district  an  amount  was 
stated  for  each  alternative.  The  amounts  involved  in  options  or 
contracts  which  had  already  been  secured  by  the  district  were  not 
shown,  the  documents  themselves  being  presented  to  the  court. 

On  May  9,  1917,  complete  copies  of  the  record  were  filed  with 
the  conservancy  court,  and  with  the  secretary  of  the  district.  At 
the  same  time  there  was  filed  with  the  clerk  of  each  county,  that 
part  of  the  record  covering  properties  in  that  county. 

Legal  notice  was  given  by  publication  on  May  10,  17,  and  24, 
that  the  appraisal  record  had  been  filed  and  that  any  exceptions 
thereto  must  be  filed  with  the  clerk  of  the  conservancy  court  in 
Dayton  on  or  before  June  4,  1917. 

It  was  explained  in  the  newspapers  of  the  valley,  and  to  many 
property  owners  in  person,  that  the  appraisal  record  should  not  be 
confused  with  the  assessment  of  tax  which  would  be  levied  after 
the  appraisal  record  had  been  approved  by  the  conservancy  court. 
The  total  cost  of  the  works,  with  ten  per  cent  added  for  contingen- 
cies as  required  by  the  law,  was  estimated  at  $27,778,000,  or  about 
36  per  cent  of  the  total  benefits.    This  cost  is  distributed  as  follows : 

Real  estate  purchases  and  easements $  7,150,000 

Construction  cost  of  flood  control  works 12,145,000 

Public  service  relocations  and  damages 3,550,000 

Administration  and  general  expense 1,900,000 

Taxes    and    special    assessments    during    construction 

period  on  lands  acquired 200,000 

Total  $24,945,000 

The  district  published  in  various  papers  the  table  given  on  the 
following  page,  as  an  example  for  determining  assessments,  assum- 
ing that  the  levy  would  be  36  per  cent  of  the  benefit. 

After  the  final  correction  of  the  appraisal  record  as  explained  on 
the  subsequent  pages,  it  covered  a  total  of  about  65,000  pieces  of 
property,  of  which  60,000  were  appraised  for  benefits  and  5,000  for 
damages.  These  properties  belonged  to  about  40,000  owners.  The 
total  1916  grand  tax  duplicate  value  of  properties  assessed  for  bene- 
fits, including  cities,  villages,  and  counties  assessed  as  units,  is  $1,- 
194,816,600.  The  work  of  the  appraisers  was  a  large  undertaking. 
It  was  begun  in  the  summer  of  1915  and  completed  two  years  later. 
At  times  as  many  as  200  employees,  including  field  inspectors, 
clerks,  and  stenographers,  were  engaged  on  the  work. 


144 


MIAMI  CONSERVANCY  DISTRICT 


How  to  Determine  Flood  Assessment 


TOTAL   BENEFIT 

ASSESSMENT 

ANNUAL  ASSESSMENT 

This  figure  may   be 
obtained    from     the 
apprainal     roll     for 
each  piece  of  prop- 
erty affected 
(1) 

If     paid      li^     ca«b 
witbin  30  days  after 
filing  of  assessment 

roll 

(2) 

If  paid  in  installments  on  basis  of  5% 
30-yenr  bonds 

First  4  years'  Inter 

est  only 

(3) 

Last  26  years'  inter- 
est and  principal 
(4) 

$1,000.00 
900.00 

$360.00 
324.00 

$18.00 
16.20 

$25.02 
22.52 

800.00 

288.00 

14.40 

20.02 

700.00 

252.00 

12.60 

17.51  • 

600.00 

216.00 

10.80 

15.01 

500.00 

180.00 

9.00 

12.51 

400.00 

144.00 

7.20 

10.01 

300.00 

108.00 

5.40 

7.51 

200.00 

72.00 

3.60 

5.00 

100.00 

36.00 

1.80 

2.50 

90.00 

32.40 

1.62 

2.25 

80.00 

28.80 

1.44 

2.00 

70.00 

25.20 

1.26 

1.75 

60.00 

21.60 

1.08 

1.50 

50.00 

18.00 

0.90 

1.25 

40.00 

14.40 

0.72 

1.00 

30.00 

10.80 

0.54 

0.75 

20.00 

7.20 

0.36 

0.50 

10.00 

3.60 

0.18 

0.25 

HEARING  ON  EXCEPTIONS 

On  June  18,  1917,  the  conservancy  court  convened  at  Memorial 
Hall  in  Dayton,  for  hearing  the  exceptions  and  objections  to  the 
appraisal  record.  About  2000  exceptions  had  been  filed.  The  court 
first  arranged  a  schedule  of  dates  for  hearing  the  exceptions,  group- 
ing the  exceptors  by  counties,  cities,  and  towns,  both  for  benefits 
and  damages.  The  exceptions  were  then  taken  up  in  turn,  each 
case  being  given  a  hearing  by  the  court  when  the  property  owner 
appeared  in  person  or  when  he  could  present  a  witness  other  than 
his  lawyer. 

The  last  hearing  of  exceptions  was  held  July  17,  and  the  final 
entry  on  exceptions  and  decrees  of  the  court  confirming  the  ap- 
praisal record,  consisting  of  54  printed  pages,  was  signed  by  each 
of  the  9  judges  July  30,  1917.  After  stating  that  certain  exceptions 
could  not  be  considered  because  they  were  not  filed  within  the  time 
prescribed  by  law,  and  that  certain  others  had  been  withdrawn,  the 
entry  continues : 

The  court  further  finds  that  upon  said  hearing  the  following  exceptions 
and  objections  were  referred  back  to  the  Board  of  Appraisers  for  reconsid- 
eration, viz: 

and  that  thereafter  the  said  Board  of  Appraisers  duly  made  and  filed  herein 
their  report  as  to  each  and  all  of  said  exceptions  and  objections  so  referred 
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back  to  them  with  recommendations  that  the  appraisal  roll  be  modified  and 
amended  in  certain  respects;  and  that  thereupon  the  objectors  whose  objec- 
tions and  exceptions  had  so  been  referred  back  to  said  Board  of  Appraisers 
requested  leave  of  the  court  to  refile  their  objections  and  exceptions  to  the 
report  of  the  Board  of  Appraisers  as  so  modified  and  amended;  and  that 
leave  was  granted  and  the  said  exceptions  are  now  authorized  to  be  filed 
and  are  filed  to  said  roll  as  so  proposed  to  be  modified  and  amended.  The 
court  now  upon  consideration  adjudges  and  directs  that  said  appraisal  roll 
be  and  the  same  is  hereby  directed  to  be  modified  and  amended  as  recom- 
mended by  said  Board  of  Appraisers,  and  the  same  is  so  amended  as  follows: 
Thereupon  the  Board  of  Appraisers  made  report  to  the  court  that  cer- 
tain errors  and  mistakes  had  occurred  in  preparing  and  transcribing  the  ap- 
praisal roll,  and  asked  leave  of  the  court  to  amend  and  modify  the  said  ap- 
praisal roll  to  correct  said  errors  and  amendments;  and  the  court  upon  con- 
sideration finds  that  said  errors  and  mistakes  occurred  as  reported  by  said 
Board  and  that  same  should  be  corrected  and  the  appraisal  roll  amended 
and  modified  by  said  Board  of  Appraisers,  and  the  same  is  now  ordered  to 
be  done  and  said  corrections  are  now  made  as  follows,  viz: 

And  thereupon  the  court  having  heard  and  determined  all  of  the  excep- 
tions filed,  and  amended  exceptions  allowed  to  be  filed,  said  exceptions  and 
amended  exceptions  to  all  appraisals  for  benefits  are  now  overruled;  to 
which  ruling  of  the  court  each  of  said  exceptors  now  excepts. 

And  the  court  now  approves  and  confirms  said  appraisers'  report  and 
said  appraisal  roll  as  modified  and  amended  in  so  far  as  the  appraisals  for 
benefits  are  concerned  as  to  all  property  involved,  including  the  appraisals 
for  benefits  against  all  cities,  villages  and  counties  so  appraised  by 
said  report  and  in  said  appraisal  roll  as  amended  and  modified. 

The  court  coming  on  further  to  consider  the  said  report  of  said  ap- 
praisers and  the  appraisal  roll  as  to  appraisals  for  land  taken  and  damaged, 
the  court  finds  that  a  number  of  settlements  between  the  district  and  the 
owners  of  property  to  be  taken  or  to  be  damaged  have  been  made  and  con- 
tracts entered  into,  it  is  therefore  ordered,  adjudged  and  decreed  that  in  all 
cases  where  contracts  are  or  may  hereafter  be  entered  into  by  the  district 
and  the  property  owners  such  contracts  shall  and  do  supersede  the  apprais- 
als of  the  appraisal  roll  as  to  terms  and  time  of  payments  and  all  other  re- 
spects; and  that  as  to  the  property  concerning  which  such  settlements  were 
made  it  is  not  necessary  to  make  any  further  findings. 

The  court  further  finds  that  as  to  the  property  to  be  taken  or  damaged 
that  the  appraisal  of  the  value  of  said  land  to  be  taken  and  appraisals  for 
damages  as  reported  b3'^  said  Board  of  Appraisers  contained  in  said  appraisal 
roll  as  modified  and  amended  shall  be  and  the  same  are  hereby  approved 
and  confirmed  and  the  exceptions  of  all  exceptors  thereto  filed  herein  are 
now  overruled;  to  which  overruling  the  said  exceptors  now  further  except. 

The  owners  of  the  land  to  be  taken,  with  the  book,  page  and  index  num- 
bers of  same  as  same  appears  upon  the  appraisal  rolls  filed  herein,  to  which 
reference  is  hereby  made  for  a  description  of  the  property,  are  as  follows: 

The  court  finds  that  as  to  all  of  said  land  last  above  enumerated  to  be 
taken  by  this  proceeding  and  concerning  which  no  contracts  have  been  made* 
with  the  owners,  that  said  The  Miami  Conservancy  District  is  a  public  cor- 
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poration  created  by  the  laws  of  Ohio  with  full  power  to  acquire  by  this  pro- 
ceeding such  lands  and  easements  and  property  as  may  be  necessary  for  the 
purposes  of  the  district  and  the  execution  of  the  Official  Plan  thereof;  that 
the  said  lands  so  above  enumerated  are  necessary  for  the  purposes  of  the 
said  The  Miami  Conservancy  District  and  for  the  carrying  into  execution  of 
the  said  Official  Plan,  and  that  the  said  district,  by  its  proper  officers,  has 
been  unable  to  agree  with  the  respective  owners  of  said  property  as  to  the 
purchase  price  of  the  same  or  as  to  the  rights  to  be  taken  therein.  And  the 
court  does  therefore  find  and  adjudge  that  the  said  District  is  entitled  to 
appropriate  said  property  and  the  rights  therein  to  its  uses  and  purposes, 
and  that  upon  the  payment  of  the  amounts  of  the  appraisals  of  said  land  or 
easements  to  be  taken  and  the  damages  said  The  Miami  Conservancy  Dis- 
trict shall  be  entitled  to  take  possession  of  and  hold  said  land  or  easement 
as  it  may  elect  in  writing,  with  all  the  rights  and  interests  thereunto  belong- 
ing and  appertaining  for  the  uses  and  purposes  and  to  the  extent  for  which 
the  said  appropriations  were  made. 

When  the  directors  elect  to  appropriate  the  easement,  such  appropria- 
tion shall  confer  upon  the  district  the  right  to  erect  all  its  works  according 
to  the  official  plan  as  it  now  stands,  and  all  its  details,  without  any  obliga- 
tion to  respond  in  damages  or  otherwise  for  any  further  injury  that  may  be 
done  directly  or  indirectly  by  the  erection,  operation  or  continuance  of  any 
of  the  said  works. 

And  the  court  having  approved  said  appraisal  roll  orders  the  said  Dis- 
trict, through  its  directors,  to  exercise  its  election  as  to  whether  it  will  take 
the  easement  in  the  properties  appropriated,  but  not  contracted  for,  or  the 
fee  simple,  and  to  file  such  election  in  this  court  on  or  before  the  5th  day  of 
August,  A.  D.  1917.  No  cases  of  condemnation  shall  be  brought  by  the  di- 
rectors, where  appeals  have  been  perfected,  until  after  such  election  has  been 
filed  by  the  district. 

The  cause  coming  on  further  to  be  heard  upon  the  said  appraisal  roll 
and  upon  the  evidence  as  to  the  amount  of  said  appraisal  roll  and  the  esti- 
mated cost  of  constructing  the  improvements  contemplated  in  and  by  the 
said  official  plan  of  said  The  Miami  Conservancy  District,  the  court  finds 
that  the  estimated  cost  of  constructing  said  improvement  contemplated  in 
and  by  said  official  plan  as  reported  in  said  official  plan  is  the  sum  of  $23,- 
500,000.00,  and  that  the  sum  of  the  uncontested  and  accepted  appraisals  for 
benefits  is  more  than  $70,000,000.00  and  the  court  now  approves  and  confirms 
said  appraisers'  report  as  modified  and  amended  herein  and  hereby  and  all 
the  appraisals  thereof  and  therein. 

All  of  the  exceptors  who  have  heretofore  filed  their  exceptions  herein 
again  now  except  to  each  and  every  part  of  this  finding  and  decree. 

And  the  clerk  of  this  court  is  hereby  ordered  to  transmit  to  the  clerk  of 
The  Miami  Conservancy  District  a  certified  copy  of  this  decree  and  of  all  the 
appraisals  confirmed  and  as  confirmed  by  the  court,  except  those  parts  from 
which  appeals  have  been  perfected  but  not  determined,  such  copy  not  to  be 
transmitted  until  after  ten  days  from  the  entering  of  this  order,  the  time  al- 
lowed by  law  for  said  appeals  to  be  prefected. 

It  further  being  made  to  appear  to  the  court  that  all  the  property 
formerly  of  The  Cincinnati,  Hamilton  &  Dayton  Railway  Company  and  Jud- 
son  Harmon,  and  Rufus  B.  Smith,  Receivers  thereof,  situate  within  the 
district  other  than  the  line  Dayton  to  Delphos,  has  been  acquired  and  is 
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now  owned  by  The  Toledo  and  Cincinnati  Railroad  Company,  and  that  said 
The  Toledo  and  Cincinnati  Railroad  Company  and  The  Miami  Conservancy 
District  have  reached  and  entered  ihto  an  agreement  whereby  the  report  of 
the  Appraisers  has,  by  mutual  agreement,  been  modified,  it  is  ordered  that 
the  objectors  of  said  The  Cincinnati,  Hamilton  and  Dayton  Railway  Com- 
pany and  Judson  Harmon  and  Rufus  B.  Smith  its  Receivers,  so  far  as  said 
objections  relate  to  the  portion  of  the  property  of  said  railway  so  purchased 
and  acquired  by  The  Toledo  and  Cincinnati  Railroad  Company,  are  settled 
and  adjusted  by  said  agreement  and  that  said  objections  so  far  as  they  relate 
to  that  portion  of  said  property  not  so  acquired,  namely  so  far  as  they  relate 
to  that  portion  of  the  railroad  between  Dayton,  Ohio,  and  Delphos,  Ohio,  be 
and  they  are  overruled,  to  which  they  especially  except. 

In  case  any  person  or  corporation  wishes  to  appeal  from  this  order  to 
the  court  of  the  county  in  which  the  land  is  situated,  the  court  now  fixes  the 
bond  for  each  and  every  such  person  or  corporation  at  the  sum  of  Two 
Hundred  ($200)  Dollars  to  be  conditioned  according  to  law,  such  bond  to  be 
given  to  The  Miami  Conservancy  District. 

When  such  appeals  have  been  perfected  The  Miami  Conservancy  Dis- 
trict and  its  Directors  are  ordered  to  begin  proceedings  as  provided  in  Sec- 
tion 34  of  the  act  to  ascertain  the  compensation  and  damages  to  be  paid  for 
land  taken  or  damaged  and  to  appraise  benefits,  unless  the  parties  agree  in 
cases  of  condemnation  in  the  meantime. 

And  thereupon  this  court  adjourned  to  meet  according  to  call  of  the 
presiding  judge. 

C.  H.  KYLE,  J. 
CLARENCE  MURPHY,  J. 
WALTER  D.  JONES,  J. 
FRANK  W.  GEIGER,  J. 
E.  T.  SNEDIKER,  J. 
WILLARD  JUREY  WRIGHT,  J. 
OTWAY  J.  COSGRAVE,  J. 
J.  D.  BARNES,  J. 
A.  C.  RISINGER,  J. 

In  accordance  with  the  order  of  the  court,  the  board  of  directors 
filed  a  list  of  the  properties  appropriated,  but  not  already  contracted 
for,  stating  in  each  case  whether  it  elected  to  take  easement  or  fee 
simple.  These  properties,  for  the  most  part,  comprised  lands  in  the 
basins,  where  the  frequency,  depth,  and  duration  of  flooding  were 
the  main  factors  in  deciding  the  election.  Wherever  possible,  the 
owner's  preference  was  given  first  consideration.  The  list  of  elec- 
tion was  prepared  by  the  engineers  and  approved  by  the  directors. 

About  600  exceptors  appealed  from  the  order  of  the  conservancy 
court  and  filed  bonds  for  taking  their  cases  to  the  court  of  the 
county  in  which  the  land  was  situated.  A  great  many  of  these,  how- 
ever, reached  agreements  with  the  directors  so  that  the  entire 
amount  of  benefits  involved  in  unsettled  cases  was  reduced  to  less 
than  two  per  cent  of  the  total  benefits. 
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The  total  benefits  as  approved  by  the  conservancy  court 
amounted  to  more  than  $77,000,000.  Their  distribution  is  shown  in 
the  following  table : 

Miami  County $       59,586.30 

Piqua  1,016,850.12 

Troy    822,713.60 

Montgomery  County  4,459,543.02 

Miamisburg  \ 1,142,289.00 

Germantown    127,357.25 

West  Carrollton  320,217.00 

Dayton    50,495,083.40 

Warren  County 98,381.00 

Franklin   277,518.50    ' 

Butler  County  2,371,906.50 

Hamilton 12,351,877.75 

Middletown   3,614,485.25 

Hamilton  County 71,538.75 

Cleves   5,321.00 

Shelby  County None 

Clark  County  None 

Greene  County None 

Preble  County  None 

Total  Benefits  $77,234,668.44 

ASSESSMENTS 

Since  36  per  cent  of  the  benefits  was  sufficient  to  cover  the  esti- 
mated cost  of  the  improvement,  each  property  was  assessed  36  per 
cent  of  its  appraised  benefit,  and  the  assessment  roll  was  made  up 
from  these  figures.  During  September  the  district  published  official 
notices  of  the  assessments  as  follows : 

COURT  OF  COxMMON  PLEAS 

Of  Montgomery  County,  Ohio 

No.  36847 

In  the  Matter  of 

THE  MIAMI  CONSERVANCY  DISTRICT  ' 

Notice  to  Property  Owners  to  Pay  Assessments. 

To  all  persons  and  Public  Corporations  Interested,  Public  Notice  is 
hereby  given: 

(1)  That  on  the  first  (1st)  day  of  September,  1917,  the  Board  of  Di- 
rectors of  The  Miami  Conservancy  District  duly  levied  an  assessment  upon 
all  the  property  in  said  District,  upon  which  benefits  have  been  appraised,  in 
the  aggregate  sum  of  Twenty-seven  Million,  Eight  Hundred  Four  Thousand, 
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Four  Hundred  Eighty  Dollars  and  Sixty-four  Cents  ($27,804,480.64),  and 
the  said  levy  has  been  extended  upon  the  Assessment  Record  as  to  each 
and  every  item  therein,  and  that  said  Assessment  Duplicate  is  now  on  file  in 
the  office  of  the  District  in  the  City  of  Dayton,  Montgomery  County,  Ohio, 
and  is  now  in  course  of  collection  by  the  Treasurer  of  said  District  at  its 
office,  southwest  corner  of  Monument  Avenue  and  Jefferson  Street,  in  the 
City  of  Dayton,  Ohio. 

(2)  A  copy  of  that  part  of  said  Assessment  Record  as  it  affects  the 
benefited  lands  in  Montgomery  County,  Ohio,  including  the  city  of  Dayton 
and  villages  of  Germantown,  Miamisburg,  and  West  Carrollton,  and  the 
townships  of  Butler,  German,  Harrison,  Jefferson,  Mad  River,  Miami,  Ran- 
dolph, Van  Buren,  and  Wayne,  is  on  file  in  the  office  of  the  Auditor  of 
Montgomery  County  at  the  Court  House  in  the  City  of  Dayton,  Ohio. 

(3)  That  the  entire  assessment  so  levied  against  each  and  every  parcel 
of  land  may  be  paid  at  any  time  on,  or  prior  to,  the  Fifth  (5th)  day  of 
Octol)er,  1917. 

(4)  That  as  soon  after  the  Fifth  (5th)  day  of  October,  1917  as  con- 
veniently may  be,  the  Board  of  Directors  of  said  District  will  divide  the  un- 
paid portion  of  said  assessments  into  convenient  installments,  and  will  issue 
bonds  bearing  interest  not  exceeding  six  (6%)  per  cent  per  annum  in  anti- 
cipation of  the  collection  of  the  several  installments  together  with  interest, 
pursuant  to  the  Conservancy  Act  of  the  State  of  Ohio. 

THE  MIAMI  CONSERVANCY  DISTRICT 

E.  A.  Deeds,  President 
Ezra  M.  Kuhns,  Secretary 

Notices  were  also  published  in  local  papers  advising  that  the  dis- 
trict would  receive  payment  in  cash  of  any  assessments,  at  tempor- 
ary offices  opened  for  the  purpose.  A  total  of  about  $760,000  was 
thus  collected.  The  following  is  typical  of  the  notices  published  re- 
garding the  establishment  of  temporary  offices. 

PUBLIC  NOTICE 

For  the  convenience  of  property  owners  in  Piqua  and  Washington 
Township,  the  Miami  Conservancy  District  will  have  representatives  in  the 
Orr-Flesh  Building,  Piqua,  Ohio,  who  will  be  prepared  to  furnish  informa- 
tion with  reference  to  assessments,  and  who  are  authorized  as  deputy  col- 
lectors to  receive  payments  of  assessments  and  issue  proper  receipts.  Any 
persons  finding  it  more  convenient  to  pay  at  the  above  sub-offices  than  at 
the  offices  at  Dayton,  Ohio,  will  be  privileged  to  do  so. 

The  office  will  be  opened  on  Monday,  September  10,  and  persons  can  be 
accommodated  throughout  the  collecting  period  at  any  time  from  9  a.  m.  to 
4  p.  m.  except  Saturdays,  when  the  office  will  close  at  12  o'clock. 

THE  MIAMI  CONSERVANCY  DISTRICT 

By  Ezra  M.  Kuhns,  Secretary. 

CONSERVANCY  BONDS 

Soon  after  the  approval  of  the  appraisal  record  by  the  conserv- 
ancy court,  negotiations  were  begun  by  the  board  of  directors  for 
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selling  bonds  to  furnish  the  remainder  of  the  construction  fund  not 
provided  by  the  cash  payments.  C^onditions  for  financing  a  large 
new  undertaking  at  the  time  were  most  unpromising.  With  the 
government  asking  help  from  all  banking  institutions  to  aid  in 
financing  military  operations,  with  the  universal  conservation  of 


resources  of  every  kind,  and  with  the  tendency  towards  postponing 
all  new  undertakings  in  order  to  devote  the  entire  energies  of  the 
country  to  the  prosecution  of  the  war,  it  seemed  difficult  to  get  cap- 
italists interested  in  the  Miami  Valley  project.  The  directors  were 
thoroughly  alive  to  the  necessity  of  the  flood  control  works.    They 
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knew  that  the  future  of  the  valley  with  all  its  varied  industries  de- 
pended on  the  speedy  and  timely  construction  of  these  works.  Dur- 
ing the  progress  of  the  war  Dayton  had  become  a  busy  center  in  the 
manufacture  of  munitions  and  military  equipment  and  supplies.  A 
number  of  the  largest  factories  in  the  Miami  Valley  devoted  the 
most  of  their  plants  to  government  work.  Moraine  City,  a  new  fac- 
tory city  in  the  outskirts  of  Dayton,  was  given  over  entirely  to  the 
production  of  airplanes.  The  National  Cash  Register  Co.,  Dayton 
Metal  Products  Co.,  Barney  &  Smith  Car  Works,  Recording  & 
Computing  Machines  Co.,  American  Rolling  Mills  Co.,  Troy  Wagon 
Works,  Piatt  Iron  Works,  and  the  Dayton  Engineering  Labora- 
tories Co.  were  all  handling  government  work.  It  was  of  direct  im- 
portance to  the  federal  government,  therefore,  that  these  industries 
of  the  valley  be  made  safe  from  floods. 

In  presenting  the  project  to  officials  of  the  National  City  Com- 
pany of  New  York  City,  Mr.  Deeds,  President  of  the  Board  of  Di- 
rectors of  The  Miami  Conservancy  District,  and  now  Colonel  in  the 
U.  S.  Army,  stated  in  part : 

*  *  *  A  broad,  successful  plan  for  the  preservation  of  the  lives  and 
property  in  our  valley  has  been  worked  out.  No  engineering  project  with 
which  I  am  familiar  has  been  more  thoroughly  planned. 

Our  legislative  matters  are  now  in  perfect  shape.  The  plan  itself  has 
been  approved;  the  bonds  have  been  authorized;  the  assessment  roll  has 
been  recorded  in  the  different  counties  and  assessments  made  against  prop- 
erty; contracts  of  purchase  have  been  made  for  the  lands  to  be  taken  and 
should  not  be  permitted  to  lapse;  contracts  have  been  advertised  and  the 
public  have  been  promised  that  operations  would  begin  this  fall.  The  lives 
of  thousands  of  people  may  depend  entirely  on  our  promptness  in  this  mat- 
ter. I  do  not  believe  any  body  of  men  with  the  facts  before  them  can  as- 
sume the  awful  responsibility  for  the  least  delay. 

The  National  City  Company  indicated  that  it  would  underwrite 
the  bond  issue  if  the  United  States  .Secretary  of  the  Treasury  of- 
fered no  objection  to  the  project  being  financed  at  this  time.  Col- 
onel Deeds  immediately  placed  the  entire  situation  before  Mr.  Mc- 
Adoo,  who  replied  as  follows : 

December  6,  1917. 
Dear  Sir: 

I  received  your  letter  of  November  30,  in  which  you  advise  me  concern- 
ing the  flood  control  project  for  the  Miami  Valley  and  ask  my  permission  to 
proceed  with  the  necessary  linancing  to  complete  the  undertaking. 

You  call  attntion  to  the  fact  that  the  flood  of  March,  1913,  destroyed 
four  hundred  lives,  left  forty  bereft  of  reason,  and  caused  a  property  loss 
approximating  one  hundred  million  dollars,  and  that  the  loss  of  life  would 
probably  have  been  thousands  had  the  flood  occurred  later  in  the  morning 
after  the  families  had  become  separated  for  the  day;  that  under  the  direction 
of  a  Flood  Prevention  Committee,  supported  by  a  fund  of  two  million  dol- 
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lars  voluntarily  subscribed  by  the  citizens  of  Dayton,  a  complete  survey  was 
made  of  the  entire  watershed  and  a  plan  for  flood  control  determined  upon 
and  approved  by  an  independent  board;  that  the  Conservancy  Law  of  Ohio 
was  framed  and  the  Miami  Conservancy  District  organized  thereunder,  and 
that  the  administration  is  under  a  board  of  directors  appointed  by  the  court; 
that  the  district  comprises  parts  of  nine  counties  in  the  watershed,  and  the 
municipalities  of  Hamilton,  Middlctow^n,  Germantown,  Franklin,  Miamis- 
burg,  Carrollton,  Dayton,  Tippecanoe,  Troy,  and  Piqua;  that  under  the  su- 
pervision of  a  board  of  appraisers  appointed  by  the  court,  after  two  years* 
work,  the  appiaisal  roll  has  been  prepared,  approved  by  the  court,  and  trans- 
mitted to  the  tax  officials;  that  the  total  of  the  appraised  benefits  is  %77r 
234,668,  and  the  total  bond  issue  authorized  is  $25,000,000,  of  which  $15,000,- 

000  is  required  for  the  first  year  and  $5,000,000  each  in  the  second  and  third 
years;  that  land  contracts  and  contracts  for  rights-of-way  amounting  in  all 
to  $8,000,000  become  due  between  December  15  and  April  1  and  must  be 
paid;  that  some  contracts  are  let  and  trained  organizations  for  each  branch 
of  the  work  are  waiting  for  instructions  to  proceed;  that  the  entire  valley  is 
unprotected,  because  anj'  attempt  at  protection  except  in  a  comprehensive 
way  would  have  been  futile;  that  the  Miami  Valley,  from  Hamilton  to 
Piqua,  is  carrying  its  full  share  of  the  war  industrial  load,  including  ship- 
engines,  machine  tools,  munitions,  steel,  airplanes,  clothing  and  blankets; 
and  that  delay  would  extend  into  another  flood  season  which  might  mean 
disaster. 

Both  from  what  you  tell  me  and  from  my  general  knowledge  of  the  sit- 
uation, I  am  of  the  opinion  that  the  preservation  of  human  life  and  the  public 
welfare  are  concerned  in  this  conservancy  project,  and  that  I  ought  not  to 
offer  any  objection  to  its  prompt  completion. 

Permit  me  to  express  my  appreciation  of  your  patriotic  action  in  con- 
sulting me  concerning  this  matter  and  requesting  my  opinion  before  attempt- 
ing to  finance  this  work  at  this  time.  Of  course,  I  have  no  power  or  duty  in 
the  premises,  but  in  view  of  the  financial  situation  as  affected  by  the  govern- 
ment's operations,  which  should  ha>re  preference  at  all  times  during  this  war, 

1  feel  grateful  for  the  opportunity  you  give  me  of  passing  on  this  matter. 

It  is  my  hope  that  others  charged  with  similar  responsibilities  in  respect 
to  the  financing  of  enterprises,  both  public  and  private,  will  make  it  their 
practice  to  consult  with  the  Secretary  of  the  Treasury  before  undertaking 
any  new  financing  or,  indeed,  before  making  commitments  or  expenditures 
which  would  require  to  be  financed  by  borrowings.  It  is  only  by  subordin- 
ating local  and  personal  interests  to  the  public  welfare,  and  by  enforcing  the 
most  rigid  economy  in  matters  of  public  and  private  enterprise,  as  well  as  in 
matters  of  personal  expenditure,  that  the  United  States  can  hope  to  bear  its 
part  of  the  financial  burden  of  the  war  and  to  release  sufficient  labor  and 
materials  for  war  purposes  without  depiction  of  our  resources. 

Cordially  yours, 

W.  G.  McAdoo, 

Secretary. 

After  an  inspection  of  the  Miami  Valley  and  a  study  of  its  re- 
sources and  its  industrial  activities,  the  National  City  Company,  the 
Guarantee  Trust  Company,  and  Harris,  Forbes  &  Company,  all  of 
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New  York  Citv,  contracted  to  underwrite  the  entire  bond  issue  of 
the  district,  amounting  to  $24,340,4SX). 

The  bonds  are  to  be  retired  in  30  years  and  to  bear  5j4  per  cent 
interest.  While  their  rate  is  slightly  higher  than  the  directors  had 
hoped  for,  the  district  is  fortunate  under  the  existing  conditions  to 
be  able  to  finance  its  work  without  delay.  Of  the  total  issue,  $15,- 
000,000  were  placed  on  the  market  early  in  December,  1917,  to  pro- 
vide funds  for  immediate  purchase  of  equipment  and  beginning  of 
construction.  The  entire  amount  offered  at  this  time  was  sold  in 
less  than  a  week. 


CHAPTER  VII.— PREPARATION  FOR 

CONSTRUCTION 

ADVERTISEMENTS 

On  September  15,  1917,  the  greater  part  of  the  proposed  con- 
struction was  advertised  for  bids.  The  local  channel  improvements 
proposed  for  some  of  the  smaller  cities  in  the  valley  were  not  adver- 
tised at  that  time  as  the  work  involved  was  not  of  great  magnitude. 
The  following  quotations,  taken  from  the  printed  advertisements, 
describe  the  work  advertised  and  the  manner  in  which  the  proposals 
were  to  be  submitted : 

Dayton,  Ohio,  September  15,  1917. 
Sealed  proposals  will  be  received  at  the  office  of  the  Secretary,  Board  of 
Directors,  The  Miami  Conservancy  District,  Dayton,  Ohio,  until  2  o'clock 
P.  M.  November  15,  1917,  for  the  construction  of  dams  and  appurtenances  as 
follows: 

Contract  No.  1 — Germantown  Dam  and  appurtenances,  including  Road 
No.  1,  involving  approximately  the  following  principal  quantities:  Excava- 
tion, 200,000  cu.  yds.;  embankment,  850,000  cu.  yds.;  concrete,  20,000  cu.  yds.; 
paving  and  riprap,  1,000  cu.  yds.;  iron  and  steel,  120  tons. 

Contract  No.  2. — Englewood  Dam  and  appurtenances,  including  Road 
No.  3,  Road  No.  4,  and  Road  No.  5,  involving  approximately  the  following  # 
principal  quantities:    Excavation,  375,000  cu.  yds.;  embankment,  3,500,000  cu. 
yds.;  concrete,  38,000  cu.  yds.;  paving,  and  riprap,  2,000  cu.  yds.;  iron  and 
steel,  180  tons. 

Contract  No.  3. — Lockington  Dam  and  appurtenances,  including  Road 
No.  8  and  Road  No.  9,  involving  approximately  the  following  principal  quan- 
tities: Excavation,  200,000  cu.  yds.;  embankment,  1,000,000  cu.  yds.;  concrete, 
37,000  cu.  yds.;  paving  and  riprap,  1,000  cu.  yds.;  iron  and  steel,  50  tons. 

Contract  No.  4. — Taylorsville  Dam.  and  appurtenances,  including  Road 
No.  12  and  Road  No.  13,  involving  approximately  the  following  principal 
quantities:  Excavation,  750,000  cu.  yds.;  embankment,  1,100,000  cu.  yds.; 
concrete,  57,000  cu.  yds.;  paving  and  riprap,  5,000  cu.  yds.;  iron  and  steel, 
400  tons. 

Contract  No.  5. — Huffman  Dam  and  appurtenances,  including  Road  No. 
16  to  Station  60+50,  and  Road  No.  17,  involving  approximately  the  following 
principal  quantities:  Excavation,  300,000  cu.  yds.;  embankment,  1,400,000  cu. 
yds.;  concrete,  45,000  cu.  yds.;  paving  and  riprap,  1,500  cu.  yds.;  iron  and 
steel,  400  tons. 

Contract  No.  41. — Improvement  of  Miami  River  at  Dayton,  above  Island 
Park,  involving  approximately  the  following  principal  quantities:  Levee 
embankment,  65,000  cu.  yds. 
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Contract  No.  42. — Improvement  of  Miami  River  at  Dayton,  Island  Park 
to  Washington  Street,  involving  approximately  the  following  principal  quan- 
tities: Channel  excavation,  850,000  cu.  yds.;  concrete  in  retaining  walls  and 
revetment,  25,000  cu.  yds.;  levee  embankment,  80,000  cu.  yds. 

Contract  No.  43. — Improvement  of  Miami  River  at  Dayton,  Washington 
Street  to  Stewart  Street,  involving  approximately  the  following  principal 
quantities:  Channel  excavation,  465,000  cu.  yds.;  levee  embankment,  205,000 
cu.  yds.;  concrete  in  retaining  walls  and  revetment,  3,500  cu.  yds. 

Contract  No.  44. — Improvement  of  Miami  River  at  Dayton,  Stewart 
Street  to  Broadway,  involving  approximately  the  following  principal  quan- 
tities: Channel  excavation,  1,000,000  cu.  yds.;  levee  embankment,  655,000  cu. 
yds.;  concrete  in  revetment,  2,000  cu.  yds. 

Contract  No.  45. — Improvement  of  Mad  River  at  Dayton,  involving  ap- 
proximately the  following  principal  quantities:  Channel  excavation,  20,000 
cu.  yds.;  levee  embankment,  35,000  cu.  yds.;  concrete  in  retaining  walls  and 
revetment,  1,500  cu.  yds. 

Contract  No.  46. — Improvement  of  Wolf  Creek  at  Dayton,  involving  ap- 
proximately the  following  principal  quantities:  Channel  excavation,  80,000 
cu.  yds.;  levee  embankment,  25,000  cu.  yds.;  concrete  in  revetment,  1,400 
cu.  yds. 

Contract  No.  58. — Improvement  of  Miami  River  at  Hamilton,  involving 
approximately  the  following  principal  quantities:  Channel  excavation,  1,- 
900,000  cu.  yds.;  concrete  in  retaining  walls  and  revetment,  27,000  cu.  yds.; 
reinforcing  steel,  550,000  lbs. 

Proposals  must  be  on  the  blank  forms  furnished  by  the  Board,  and  must 
be  accompanied  by  a  certified  check  for  not  less  than  5  per  cent  of  the  ag- 
gregate amount  of  the  bid,  figured  on  the  basis  of  the  estimated  quantities 
and  the  unit  prices  bid,  but  which  in  no  case  need  exceed  $50,000;  such  check 
to  be  drawn  to  the  order  of  the  Treasurer  of  The  Miami  Conservancy  Dis- 
trict, as  a  guarantee  that  the  bidder,  if  awarded  a  contract,  will,  within  10 
days  after  the  contract  is  delivered  to  him  for  that  purpose,  execute  the 
same,  and  furnish  surety  bond  for  the  faithful  performance  of  the  contract, 
in  the  sum  of  40  per  cent  of  the  contract  price;  said  contract  and  bond  to  be 
on  the  standard  forms  which  have  been  adopted  by  the  Board. 

If  any  bidder,  to  whom  an  award  has  been  made,  shall  fail  to  execute  the 
contract  or  to  furnish  satisfactory  bond  within  the  time  hereinbefore  speci- 
fied, or  as  extended  by  the  Board,  the  award  shall  thereupon  become  void,  in 
which  case  the  proceeds  of  the  certified  check  shall  become  the  property  of 
the  District,  and  the  contract  may  be  awarded  to  the  next  lowest  or  best 
bidder;  and  such  next  lowest  or  best  bidder  shall  thereupon  assume  the  con- 
tract, as  if  he  were  the  party  to  whom  the  award  was  first  made. 

Each  bidder  must,  in  his  proposal,  present  satisfactory  evidence  that  he 
has  been  engaged  in  constructing  works  of  the  general  character  covered  by 
his  proposal,  and  that  he  is  fully  prepared,  and  has  the  necessary  capital,  to 
begin  the  work  promptly,  and  to  conduct  it  as  required  by  the  contract  and 
specifications.  Proposals  not  containing  such  evidence  will  not  be  recog- 
nized as  bids. 

The  right  is  reserved  to  reject  any  or  all  bids,  and  to  waive  any  technical 
defects,  as  the  interests  of  the  District  may  require. 
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Drawings,  specifications,  proposal  blanks,  and  other  information  may  be 
obtained  on  application  to  the  Chief  Engineer,  The  Miami  Conservancy 
District,  Dayton,  Ohio,  at  whose  oftice  drawings,  boring  samples,  and  other 
data  may  be  inspected. 

EZRA  M.  KUHNS, 

Secretary. 
PROPOSALS  RECEIVED 
Proposals,  were  received  on  November  15   from  the  following 
construction  companies: 

H.  P,  Converse  &  Co.,  of  Boston,  Mass. 
United  Dredging  Company  of  Seattle,  Wash. 
McWilliams  Northern  Dredging  Co.  of  Chicago,  111. 
M.  C.  Connors  &  Com|>any  of  Chicago,  111. 
Winston  &  Company  of  Richmond,  Va. 


Parsons  Construction  Company  of  Btnghampton,  N.  Y. 

Hunkin-Conkey  Company  of  Cleveland  presented  unconditioned 
proposals  on  two  dams,  but  these  were  received  after  the  bids  had 
been  opened  and  read,  and  sn  were  not  considered.  The  prices 
named  in  their  bids  were  much  higher  than  the  engineer's  estimates. 

All  proposals,  except  the  bids  received  on  two  contracts,  were  in- 
formal and  were  conditioned  on  prices  of  labor  and  materials,  on  the 
attitude  of  the  national  government  toward  construction  work,  or 
on  other  possible  developments.     Some  of  the  proposals  contained 
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unit  prices  not  differing  appreciably  from  the  estimates  of  the  dis- 
trict, but  the  conditions  attached  were  such  as  to  make  the  final 
price  indefinite.  The  qualifying  provisions  of  the  proposals  in- 
cluded the  effect  of  war  conditions  on  ability  to  secure  labor,  ma- 
terial, and  equipment,  and  also  covered  possible  increase  in  prices. 
One  of  the  proposals  required  that  the  district  take  over  the  entire 
equipment  used  on  the  work,  after  its  completion.  A  careful  analy- 
sis of  the  proposals  indicated  that  practically  all  of  the  bidders  had 
gone  so  far  in  their  attempt  to  protect  themselves  against  possible 
contingencies,  that  the  district  could  gain  nothing  by  awarding  the 


FIG.  37.— CARPEL'S  FURNITURE  STORE.  DAYTON. 
View  taken  in  March.  1913,  after  the  flood  waters  had  receded. 

work  to  them.  A  number  of  informal  proposals  offered  to  do  the 
work  on  a  cost  plus  a  percentage  basis;  but  these,  too,  while  assur- 
ing a  generous  profit  to  the  contractor,  left  the  burden  of  every  risk 
with  the  district.  Some  of  the  contractors  already  had  the  greater 
part  of  their  equipment  and  organization  engaged  on  large  govern- 
ment contracts  and  it  was  felt  that  their  undertaking  the  work 
would  not  materially  facilitate  its  construction. 

WORK  TO  BE  DONE  BY  FORCE  ACCOUNT 

At  a  meeting  of  the  board  of  directors  December  3,  1917,  all  pro- 
posals were  rejected  except  that  of  the  McWilliams  Northern 
Dredging  Company  on  Contract  41.    With  the  exception  of  this  con- 
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tract  it  was  decided  that  it  would  be  better  for  the  district  to  do  the 
work  by  force  account. 

The  proper  construction  of  the  flood  control  works  involved  two 
great  essentials.  First,  and  above  everything  else,  was  the  neces- 
sity of  having  the  work  done  in  the  very  best  possible  manner,  so 
that  there  could  never  be  the  slightest  doubt  as  to  its  safety  or 
effectiveness.  Second,  there  was  the  necessity  of  having  it  done  in 
the  quickest  and  cheapest  manner  consistent  with  perfect  work.  It 
was  felt  that  the  engineers  who  were  responsible  for  the  quality  of 
the  work  should  not  be  burdened  with  the  task  of  buying  and  in- 
stalling equipment  and  with  the  construction  man's  job  of  prose- 
cuting the  work.  With  this  in  mind  the  directors,  on  recommenda- 
tion of  the  chief  engineer,  secured  the  services  of  Mr.  C.  11.  Locher, 
an  experienced  contractor,  for  assembling  the  necessary  equipment 
and  supervising  the  entire  construction. 

As  soon  as  it  was  decided  that  the  work  should  be  done  by  the 
forces  of  the  district,  preparations  were  started  for  beginning  con- 
struction. Tentative  construction  programs  were  outlined  for  the 
various  contracts  by  Mr.  Locher,  with  the  aid  of  the  engineers  and 
the  purchase  of  equipment  begun.  The  first  actual  construction 
work  on  channel  improvement  under  the  supervision  of  the  district 
was  the  raising  of  the  levees  opposite  Island  Park  dam,  in  the  city  of 
Dayton,  which  was  begun  November  27,  1916.  The  first  construc- 
tion in  connection  with  the  dams  was  begun  November  15,  1917,  in 
the  removal  of  the  tracks  of  the  Ohio  Electric  Railway  from  the 
Huffman  Basin  to  make  way  for  the  building  of  the  HuflFman  Dam. 


CHAPTER  VIII.— OPPOSITION  TO  THE  FLOOD 

PROTECTION  PROJECT 

If  an  historian,  in  writing  of  any  great  public  development, 
should  state  that  it  was  initiated  and  brought  to  completion  without 
serious  objection,  we  should  know^  his  record  to  be  untrue,  because 
it  would  be  contrary  to  universal  experience.  Not  only  does  every 
great  public  project  of  an  engineering  nature  meet  with  objection, 
but,  if  we  compare  the  objections  and  opposition  met  with  on  a  hun- 
dred great  public  undertakings,  we  may  observe  as  great  a  simi- 
liarity  of  symptoms  as  a  doctor  observes  in  as  many  cases  of  typhoid 
fever.  We  shall  see  that  the  obstructions  put  in  the  paths  of  such 
improvements  are  but  the  natural  and  normal  reactions  of  certain 
human  traits. 

An  engineer  makes  a  mistake  if  he  undertakes  a  great  project 
without  having  appraised  all  of  the  factors  involved  as  closely  as 
may  be  practicable.  As  the  objections  and  opposition  that  will  be 
encountered  will  be  not  the  least  of  his  difficulties,  it  behooves  him 
to  consider  them  in  advance,  determining  insofar  as  it  is  possible : 
what  objections  are  well  taken  and  should,  therefore,  be  eliminated 
by  modifications  in  his  plans ;  how  he  may  reduce  other  objections  to 
a  minimum;  and  whether  there  are  any  which  are  too  formidable 
and  deeply  rooted  to  be  overcome,  and  which,  therefore,  will  require 
changes  in  his  plans  that,  from  a  purely  engineering  point  of  view, 
would  be  undesirable  or  unnecessary.  It  is  because  a  record  of  the 
objections  and  obstructions  met  with  in  one  case  may  serve  to  for- 
warn  and  to  inform  nersons  who  mav  undertake  similar  future 
projects  that  this  chapter  is  written. 

NATURE  OF  THE  OPPOSITION 

We  make  a  serious  mistake  when  we  assume  that  opposition  to 
a  new  public  project  commonly  proceeds  from  wrong  motives.  The 
average  successful  man  has  been  buffeted  about  a  great  deal  before 
he  has  made  a  secure  place  for  himself.  When  finally  he  has  paid 
for  and  developed  a  farm,  or  has  established  himself  after  years  of 
effort  in  business  or  in  professional  practice,  he  naturally  looks  with 
fear  and  suspicion  on  any  large  public  undertaking  which,  so  far  as 
he  knows,  may  take  away  the  secure  position  he  has  gained,  and 
may  require  him  to  begin  life  anew,  or  to  submit  himself  to  heavy 
burdens  of  taxation.  Moreover,  he  is  justified  by  experience  in  be- 
lieving that  public  money  is  not  always  well  spent,  and  that  private 

160 
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interest  may  be  back  of  i»ublic  projects.  His  natural  attitude,  there- 
fore, is  one  of  aloofness  or  suspicion  until  his  mind  shall  be  made 
clear  as  to  the  merits  of  the  undertaking. 

In  many  respects  the  fulfillment  of  the  Conservancy  District 
plans  meant  a  change  in  point  of  view  and  in  habits  of  thought. 
People  had  been  in  the  habit  of  seeing  public  works  carried  out 
through  the  medium  of  city  and  county  government.  When  they 
were  asked  to  consider  themselves  as  parts  of  a  conservancy  dis- 
trict, consisting  of  a  ribbon  of  land  a  hundred  and  fifty  miles  long, 
their  idea  of  political  units  was  disturbed.  They  were  told  that  the 
county  was  the  natural  political  unit  for  flood  prevention  purposes, 
and  that  their  rights  of  home  rule  were  being  violated.  Patriotism 
was  declared  to  refer  to  county  boundaries,  and  no  more  potent  ap- 


FIG.  38.— LIFE  BOAT  BEING  LAUNCHED  IN  DAYTON. 
Several  nf  these  lioat.s  wi-re  brought  from  lake  ports  during  the  19IJ 
flood,  for  use  in  relief  work. 

peal  was  made  than  that  which  bade  people  to  have  no  dealings  with 
the  foreigners  from  over  the  county  line. 

In  case  of  a  complicated  project  like  that  of  the  Miami  Con- 
servancy District,  which  requires  the  best  efforts  of  trained  and  ex- 
perienced engineers  for  its  solution,  the  average  man  finds  it  impos- 
sible to  give  the  time  and  study  necessary  to  master  the  questions 
involved.  In  the  end  he  must  rest  his  support  or  opposition  upon 
his  confidence  or  lack  of  confidence  in  the  integrity  and  capacity  of 
the  men  who  have  the  project  in  hand.  In  a  locality  like  the  Miami 
Conservancy  District  the  attitude  of  most  people  is  that  they  sin- 
cerely desire  to  find  the  right  solution  to  the  problem.     In  every 
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such  group  of  people,  however,  as  is  proved  by  the  history  of  public 
improvements  in  every  part  of  the  world,  there  is  a  small  number  of 
people  who  are  willing  to  exploit  to  their  own  advantage  the  ignor- 
ance, prejudice,  lack  of  information,  and  other  characteristics  of 
their  neighbors.  In  the  Miami  Conservancy  District,  therefore,  the 
problem  of  the  Dayton  Flood  Prevention  Committee  and  of  the 
board  of  directors  of  the  district  has  been  so  to  conduct  themselves 
that  at  all  times  they  should  deserve  and  possess  the  unlimited  con- 
fidence of  the  people  of  the  Miami  Valley.  The  method  of  the  oppo- 
sition has  been  to  strive  by  every  means,  including  false  reports, 
rumors,  fears,  imputations  of  dishonesty  or  incompetence,  and  ridi- 
cule, to  undermine  this  confidence. 

By  its  nature  the  lawyer's  profession  gives  the  best  opportunity 
for  understanding  the  weaknesses  of  human  nature,  and  how  these 
weaknesses  may  be  exploited  to  serve  any  desired  purpose;  and. 
moreover,  the  lawyer's  profession  makes  this  exploitation  immedi- 
ately profitable.  In  any  part  of  the  United  States,  when  a  great 
public  project  is  undertaken,  while  most  attorneys  will  confine  their 
opposition  to  the  protection  of  their  clients  and  of  the  public  from 
injustice,  a  few  well  be  found  who  systematically  use  their  knowl- 
edge of  human  nature  to  promote  fear,  suspicion,  distrust,  hatred, 
and  conflict  of  interest.  These  few  attorneys  usually  are  supported 
by  men  of  other  callings  who  lack  only  the  skill  and  experience 
necessary  to  make  themselves  equally  troublesome.  These  men, 
and  others  who  are  sincerely  opposed  to  the  project,  finding  their 
immediate  aims  to  be  identical,  commonly  unite  their  forces ;  while, 
similarly,  among  those  favoring  the  project,  there  will  generally  be 
found  some  men  of  doubtful  motive,  who  hope  by  their  adherence 
to  gain  some  personal  advantage,  and  who,  in  fact,  do  not  increase 
the  confidence  of  the  public  in  the  undertaking. 

The  flood  control  movement  in  the  Miami  Valley  had  a  tremen- 
dous and  widespread  support  following  the  great  flood  of  1913. 
About  23,000  persons  contributed  to  the  Dayton  Flood  Prevention 
Fund,  and  the  same  urgency  that  prompted  their  contribution  nat- 
urally made  them  keenly  impatient  for  the  "dirt  to  fly."  They  did 
not  fully  realize  the  difficulties  and  the  proportions  of  the  undertak- 
ing. While  the  real  problems  of  future  protection  were  being 
worked  out  step  by  step  by  the  engineers,  attorneys,  and  law  mak- 
ers, the  passing  months  toned  down  the  memories  of  the  great 
flood  disaster  and  public  interest  waned.  Not  more  than  two 
months  had  elapsed  before  there  were  signs  of  impatience,  and  ad- 
verse criticism  began  to  add  its  burden  to  the  already  heavy  respon- 


HISTORY  OF  MIAMI  FLOOD  CONTROL  PROJECT  163 

sibilities  of  the  Flood  Prevention  Committee.  Many  persons  with- 
out engineering  understanding  of  the  situation  proposed  ridicu- 
lously impossible  solutions,  claiming  for  them  almost  immediJite  re- 
sults, and  the  local  newspapers,  lacking  facilities  for  determining 
the  truth  of  matters  involving  technical  considerations,  often  pub- 
lished misleading  items  that  tended  to  agitate  the  public  mind  and 
promote  the  feeling  that  work  was  being  delayed  unnecessarily. 
Now  and  then,  when  information  of  real  interest  was  given  to-  the 
papers,  it  was  often  so  misinterpreted  by  reporters  unfamiliar  with 
the  engineering  terms,  that  it  had  a  detrimental  effect  on  public 
opinion.  Local  prejudice  and  personal  interests  cropped  out  here 
and  there  and  added  their  quota  of  hindrance.  The  public  nature  of 
the  project  offered  numerous  opportunities  for  opposition  and  ob- 
struction, the  origin  and  character  of  even  the  chief  causes  being 
so  varied  as  almost  to  preclude  satisfactory  analysis  or  classification. 

HISTORY  OF  THE  OPPOSITION 

During  the  first  summer  after  the  flood  all  the  important  com- 
munities in  the  Miami  Valley  were  discussing  and  investigating 
measures  for  flood  protection.  The  matter  of  financing  extensive 
improvements  received  nearly  as  much  attention  as  deciding  upon 
the  nature  of  the  improvements.  Although  various  communications 
to  the  newspapers  manifested  some  impatience  because  so  much 
time  was  passing  without  seeing  the  "dirt  begin  to  fly",  in  general, 
during  this  first  season,  surveys,  investigations,  and  discussions  pro- 
ceeded amicably  enough  until  a  little  after  the  Dayton  Flood  Pre- 
vention Committee  in  October  decided  in  favor  of  the  retarding 
basin  plan. 

•An  essential  element  of  this  plan  was  the  cooperation  of  all  the 
communities  affected  in  the  valley  in  carrying  it  into  execution. 
During  October,  November.  December,  and  January  the  general 
features  of  the  plan  were  explained  at  public  meetings  in  all  the 
cities  of  the  valley.  The  cities  below  Dayton  joined  in  the  move- 
ment rather  readily,  for  it  had  become  sufficiently  obvious  that  in 
most  cases  they  were  powerless  to  secure  any  efficient  local  flood 
protection  working  alone.  Hamilton  was  a  conspicuous  example  of 
this.  She  had  gone  to  large  expense  in  employing  engineering 
services  to  plan  local  flood  protection  only  to  find  that  the  expense 
of  such  protection  would  be  entirely  prohibitive.  The  situation  was 
quite  otherwise  in  the  cities  above  Dayton.  Situated  as  they  are 
where  the  streams  are  much  smaller,  local  protection  was  not  in 
some  cases  entirely  impracticable,  at  least  not  obviously  so,  and 
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hence  these  cities  did  not  join  heartily  in  a  common  undertaking  as 
did  the  cities  lower  down  the  valley.  But  probably  a  more  potent 
factor' in  preventing  ready  acquiesence  in  the  adoption  of  the  re- 
tarding basin  plan  was  the  fact  that  the  construction  of  the  pro- 
posed dams  and  retarding  basins  would  cause  extensive  disturb- 
ances to  property  ownership,  highways,  and  railroads  in  their  im- 
mediate neighborhood.  The  announcement  of  the  proposed  re- 
tarding basin  plan  was  rather  sudden  and  unexpected,  the  extent 
of  the  necessary  local  readjustments  of  property  ownership  and 
lines  of  communication  was  quite  unknown,  but  was  probably 
somewhat  exaggerated  in  the  nrst  description  of  the  plans,  and 
hence  it  was  probably  only  natural  that  in  the  communities  in  the 
immediate  proximity  to  the  proposed  dams,  there  was  a  widespread 


FIG.  39.— FLOOD  VIEW  IN  NORTH  DAYTON. 
Looking  southeast  from  house  on  easl  side  of  Daniel  .Street,  in  March, 
1913,  when  the  flood  was  near  its  cresl. 

flare  of  resentment  at  what  seemed  to  them  as  an  unnecessary  and 
unwarranted  disturbance  of  their  situation.  These  people  entirely 
unaccustomed  to  the  idea  of  flood  protection  by  means  of  retarding 
basins,  and  not  at  all  convinced  of  the  necessity  of  this  plan,  were 
easily  prejudiced  against  it.  To  the  sponsors  of  the  retarding 
basin  plan,  to  whom  its  discovery  as  a  possible  and  feasible  method 
of  protection  had  seemed  a  most  fortunate  event,  this  sudden  mani- 
festation of  opposing  and  seemingly  unreasoning  prejudice  was  a 
great  surprise.  Perhaps  it  was  a  stragetic  error  to  state  so  definitely 
as  was  done  the  exact  locations  of  the  proposed  retarding  basin 
dams  and  their  great  dimensions.  Possibly  if  the  general  idea  of 
amelioration  of  floods  by  temporary  storage  had  been  first  pre- 
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sented,  while  investigations  of  the  large  number  of  possible  dam- 
sites  was  being  thoroughly  carried  out  so  that  the  most  feasible 
might  be  selected,  the  opposition  to  the  retarding  basin  plan  might 
have  been  largely  forestalled.  However  that  may  be,  within  a  few 
weeks  after  the  retarding  basin  plan  was  publicly  announced  on 
October  4,  1913,  a  most  violent  opposition  to  the  whole  plan  was 
in  evidence  in  Troy,  Piqua,  Sidney,  West  Milton,  Osborn,  and 
Springfield,  all  located  above  Dayton  on  the  Miami,  Stillwater,  and 
Mad  Rivers.  Although  public  meetings  were  held  for  the  purpose 
of  explaining  the  proposed  flood  protection  plan,  it  was  difficult  in 
these  cities  to  secure  even  a  respectful  hearing. 

In  January  the  Ohio  Conservancy  Law  was  introduced  in  the 
special  session  of  the  legislature.  Opposition  to  the  flood  protec- 
tion plan  took  then  the  form  of  objections  to  the  passage  of  this 
law.  Local  newspapers  in  Sidney,  Piqua,  and  Troy  took  up  the 
fight  eagerly  and  published  all  sorts  of  reckless  statements,  some- 
times with  cleverly  worded  qualifications,  of  which  the  following 
samples  will  show  the  general  character : 

The  startling  fact  remains  that  in  the  last  25  years  more  than  a  hundred 
good,  strong,  solid  concrete,  and  earthen  dams  have  broken  by  water  pres- 
sure. 

Reservoirs  to  be  death  traps  above  the  cities  and  towns  of  this  valley. 

Statistics  compiled  are  all  against  impounding  or  dry  reservoirs  for  the 
Miami  Valley. 

The  Morgan  Engineering  Company  paid  $2,000,000  by  the  city  of  Dayton 
and  $2,200  by  the  city  of  Troy  have  reached  their  conclusions. 

The  Johnstown  dam  couldn't  break  either.  It  was  the  last  word  in  flood 
prevention. 

It  is  well  known  that  had  our  rivers  been  cleared  out  and  not  been  en- 
croached upon  there  would  have  been  no  such  flood  as  the  one  which  visited 
us  last  March. 

All  taxpayers  of  this  county,  no  matter  how  far  they  reside  from  flood 
peril,  would  have  to  pay  for  the  alleged  improvement.  The  outlying  small 
towns  would  have  to  be  taxed  and  every  farmer  bear  his  burden. 

Dayton  is  willing  to  ruin  more  than  one  farm  in  her  eagerness  to  help 
herself.  She  is  ready  to  taxride  the  people  of  Troy  for  her  own  benefit.  It  is 
with  her  merely  a  question  of  selfishness.  Let  her  build  up  her  own  town 
before  she  seeks  to  despoil  others  of  their  savings. 
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If  you  don't  want  Dayton  to  take  your  land  and  your  money  for  her  own 
benefit,  begin  now  to  fight  the  proposition. 

It  is  estimated  that  38,000  acres  of  land  would  be  flooded  by  the  Lock- 
ington  and  Port  Jefferson  dams. 

Indications  are  not  wanting  that  there  will  be  selfappointed  vigilance 
committees  who  intend  to  see  to  it  that  if  the  reservoirs  are  built  that  they 
will  not  remain  in  existence  long  after  a  flood  comes.  A  feeling  of  contempt 
and  scorn  is  rising  against  all  the  persons  who  have  taken  a  forward  position 
in  support  of  the  Morgan  plans  of  this  county.  It  is  certain  that  no  jury 
could  be  secured  in  Miami  county  to  convict  a  man  of  blowing  up  the  dam. 

The  law  is  an  outrage.  Governor  Cox  and  his  bunch  of  Dayton  hench- 
men put  it  across  on  the  people  of  the  valley,  despite  the  protests  of  this  end 
of  the  valley.  It  provides  that  a  board  of  directors,  to  be  appointed  by  the 
Dayton  courts,  shall  have  charge  of  the  flood  prevention  work.  The  power 
vested  in  this  board  is  unlimited.  They  can  do  as  they  please.  They  can 
raze  buildings,  condemn  land,  and  heap  indignities  upon  the  heads  of  the 
taxpayers  of  this  community  without  reserve. 

Taxpayers  of  Shelby  county.  You  are  going  to  be  held  up  and  robbed 
of  your  birthright  in  about  such  a  way  as  Esau  was  robbed  of  his.  You  are 
to  be  lined  up  against  the  fence  and  your  pockets  are  going  to  be  turned  in- 
side out  and  you  will  have  nothing  to  say  about  it. 

On  February  20,  1914,  at  a  public  mass  meeting  in  Troy,  called 
by  the  county  commissioners  of  Miami  County  to  consider  the  re- 
cently enacted  Conservancy  Act,  numerous  speeches  were  made 
urging  opposition  to  the  enforcement  of  the  law,  after  which  long 
resolutions  were  adopted  from  which  the  following  are  extracts : 

The  Conservancy  Act  of  Ohio  authorizes  the  creation  of  conservancy 
districts  for  the  alleged  purpose  of  preventing  disastrous  floods.  The  three 
commissioners  to  be  appointed  under  the  provisions  of  this  act  are  clothed 
with  the  right  of  eminent  domain  *  *  ♦;  the  right  to  enter  our  lands  and 
homes  without  our  consent;  to  subvert  the  authority  of  the  sheriff  and  con- 
stables *  ♦  *;  to  take  from  our  county  commissioners  any  right  they  now 
have  under  the  law  to  provide  roads  and  bridges  and  superintend  the  same 
♦  ♦  *;  it  confers  the  powers  of  unlimited  taxation. 

The  Miami  and  Stillwater  Rivers,  the  property  of  the  people,  are  to  be 
obstructed  by  dams,  among  the  most  enormous  in  size  in  the  history  of  the 
world,  with  a  hydraulic  power  behind  them,  sufficient  to  produce  enough 
electric  power  to  propel  for  the  present  and  prospective  use  of  every  manu- 
facturing industry  in  Dayton,  Miamisburg,  Middletown,  and  Hamilton,  for 
which  purpose  all  the  indications  point  they  were  primarily  designed,  in- 
stead of  for  alleged  flood  protection. 

It  stores  millions  of  tons  of  water  high  over  the  tallest  steeples  of  Sid- 
ney, Piqua,  Troy,  and  Tippecanoe  Cit}';  depreciates  all  values  in  these  cities, 
and  forever  stops  their  growth  on  account  of  the  terror  it  will  create. 
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The  resolutions  further  urged  the  county  commissioners  to  op- 
pose in  every  way  possible  the  enforcement  of  the  law. 

Similar  meetings  were  subsequently  held  in  Piqua  and  Sidney 
to  discuss  methods  of  fighting  the  organization  of  the  Miami  Con- 
servancy District.  Although  not  all  of  the  speakers  at  these  meet- 
ings were  opposed  to  the  law,  the  majority  were  agitators  and  poli- 
ticians who  indulged  in  much  intemperate  language.  Contributions 
were  solicited  and  plans  were  made  for  collecting  contributions 
from  all  parts  of  Logan,  Shelby,  and  Miami  Counties.  It  was  no- 
ticeable that  many  of  the  most  outspoken  opponents  of  the  flood 
prevention  plans  were  persons  who  had  no  property  affected  in  any 
way  by  the  plans. 

In  order  to  increase  the  weight  of  the  opposition  and  to  enlarge 
the  area  from  which  funds  might  be  solicited,  misleading  statements 
like  the  following  were  freely  published  in  the  newspapers : 

Some  persons  seem  to  think  because  they  are  not  within  the  limit  of  the 
land  covered  by  water,  under  the  Conservancy  Act  of  Ohio  there  would  be 
no  expense  to  them  on  account  of  the  dams.  They  are  very  much  mistaken. 
Assessments  would  be  made  against  all  the  land  from  which  water  flows  into 
the  Miami  river  and  tributary  streams.  The  estimated  cost  of  this  proposed 
work  is  not  less  than  $17,000,000.  Shelby  county  land  owners  will  be  com- 
pelled to  pay  their  share  which  is  estimated  at  not  less  than  $200,000,  and  it 
might  amount  to  $800,000,  unless  this  proceeding  is  defeated  in  the  suit 
brought  to  accomplish  it  in  Montgomery  county  courts.  Persons  have  been 
appointed  in  every  township  to  solicit  funds  to  pay  for  the  employ  of  emin- 
ent attorneys  in  the  suit,  and  every  person  should  feel  it  a  duty  to  contribute 
to  the  pay  of  the  necessary  expense  of  defeating  the  proceedings,  the  hearing 
of  which  is  fixed  for  March  20  at  Dayton. 

The  anti-reservoir  campaign  is  to  be  waged  not  only  in  the  cities  and 
big  towns  and  villages  of  the  county,  but  is  to  be  carried  into  the  school  dis- 
tricts.   Three  such  meetings  have  been  arranged  as  follows: 

Monday  evening,  March  9,  at  Frederick,  where  four  school  districts  con- 
verge. Rigs  will  meet  persons  from  Troy  who  intend  attending  at  Ging- 
hamsburg. 

Tuesday,  March  10,  at  Coppock's  school  house.  Persons  desiring  to 
attend  from  Troy  take  5:30  car  and  get  off  at  Evanston. 

Wednesday  evening,  March  11,  at  Paddy's  school  house  in  northwest 
corner  of  Monroe  township  on  National  Road. 

It  has  been  decided  to  collect  a  fund  of  $5,000  by  popular  subscription 
to  fight  the  reservoir  scheme.  The  money  will  be  used  to  employ  constitu- 
tional lawyers  in  case  Prosecutor  O'Donnell  does  not  ask  the  Commissioners 
to  appropriate  money  for  this  purpose.  Each  taxing  district  in  the  county 
has  been  assessed  its  rightful  share  of  the  amount.  The  amount  assessed 
against  Troy  and  Concord  township  is  $597.15. 

The  names  of  those  who  contribute  are  to  be  published. 
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Upon  the  matter  of  the  employment  of  a  constitutional  lawyer  to  op- 
pose the  act,  four  of  the  counties,  Miami,  Shelby,  Logan,  and  Greene  agreed 
to  take  such  action. 

The  opposition  to  the  conservancy  law  has  grown  very  formidable  and 
is  arranging  to  secure  the  best  possible  legal  talent  to  represent  it  before  the 
court.  Sigrialures  to  protests  are  being  secured  and  an  effort  is  being  made 
to  raise  a  large  sum  of  money. 

At  a  meeting  of  the  reiTresentatives  of  the  boards  of  county  commis- 
sioners of  Shelby,  Clark.  Logan,  Greene,  and  Montgomery  Counties  at  Troy 
with  the  Miami  County  board,  it  was  decided  to  employ  the  law  firm  of 
Hoyt,  Dustin,  Kelly,  Andrews  &  McKeon,  of  Cleveland  to  represent  the 


FIG,  40.— FLOOD  VIEW  IN  NORTHEAST  PIQUA. 
Taken  March  26,  1913,  when  the  flood  waters  were  slowly  receding. 

counties  opposed  to  the  conservancy  law  and  the  Morgan  plan  of  flood  pre- 
vention at  the  hearing  on  the  petition  before  the  joint  common  pleas  court 
at  Dayton  on  March  20. 

Miami,  Logan,  Shelby,  and  Greene  Counties  will  bear  the  expense  of  the 
attorney's  fees,  which  are  not  to  exceed  $5,000,  no  matter  if  the  case  goes  to 
the  supreme  court  of  the  nation. 

Under  the  resolutions  passed  by  the  great  mass  meeting,  an  executive 
committee  was  formed,  composed  of  one  man  from  each  taxation  district  in 
the  county,  with  full  power  to  do  all  things  necessary  to  defeat  the  operation 
of  the  Conservancy  Act  of  Ohio  in  the  proposed  district.  The  committee  is 
circulating  the  following  paper  in  Miami  and  several  of  the  townships  have 
raised  their  allotment  as  set  forth. 
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"Anti-Reservoir  Executive  Committee, 
Piqua,  Ohio,  March  3,  1914. 

At  a  meeting  of  this  committee,  composed  of  one  member  from  each 
taxing  district  of  Miami  county,  this  day  held  in  the  council  room  of  the  city 
of  Piqua,  Ohio,  it  was  unanimously  resolved  that  the  sum  of  $5,000.00  would 
be  required  for  office  expenses,  stenographic  work,  printing,  postage,  and 
attorney's  fees,  with  which  to  successfully  fight  the  most  monstrous  law  in 
history — the  Conservancy  Act  of  Ohio;  and  that  each  taxing  district  of  Mi- 
ami county  should  be  requested  to  furnish  that  part  of  the  whole  amount  as 
the  tax  duplicate  of  such  district  is  apportionment  to  the  tax  duplicate  of  the 
entire  county.  Under  this  appointment  the  following  amounts  would  be 
furnished: 

District                                   '                        Amt.  of  Dup.  Proportion 

Bethel  Tp $  2,722,320  $  199.39 

Elizabeth  Tp 2.393,030  175.26 

Lost  Creek  Tp.  and  Cass  Town 2,286,306  167.46 

Brown  Tp.  and  Fletcher 3,100,000  227.04 

Staunton   Tp 2,492,850  182.59 

Spring  Creek  Tp 2,644,550  193.70 

Monroe  Tp.  and  Tippecanoe 5,122,900  375.20 

Concord  Tp.  and  Troy 12,249,600  897.15 

Washington  Tp.  and  Piqua 18,819,510  1378.32 

Union  Tp.  and  Milton  and  others 6,017,730  440.77 

Newton  Tp.  and  Pleasant  Hill 4,108,650  300.93 

Newberry  Tp.  Covington  and  Bradford 6,310,360  462.19 


$68,267,860  $5000.00 

"The  undersigned  hereby  agree  to  pay  the  sum  set  opposite  our  names 
to  John  A.  McCurdy,  Treasurer  of  the  Anti-Reservoir  Executive  Committee 
of  Miami  County,  Ohio,  with  the  understanding  that  a  report  of  all  expenses 
incurred  shall  be  made  by  publication  at  the  close  of  the  work,  and  if  any 
part  of  the  general  fund  remain  unexpended,  each  subscriber  shall  have  a 
proportionate  per  cent  of  the  same  refunded  to  him  or  them. 

"Anti-Reservoir  Executive  Committee  of  Miami  County. 
Troy,  Ohio,  March  4,  1914. 

We,  the  undersigned  citizens  of  Miami  County,  respectfully  remonstrate 
against  the  formation  of  the  proposed  Miami  Valley  Conservancy  District 
under  the  Conservancy  Act  of  Ohio,  on  plans  which  involve  the  building  of 
dams  across  our  rivers  and  the  impounding  of  enormous  bodies  of  water 
over  our  heads;  the  submergement  of  much  of  our  richest  lands;  the  conse- 
quent danger  from  back  water  in  high  flood  time  to  the  water  and  sewer 
systems  of  some  of  our  cities;  and  earnestly  represent  our  entire  faith  in 
flood  protection  through  channel  improvement." 

This  preceding  remonstrance  has  been  signed  by  95  per  cent  of  the 
voters  in  each  of  the  school  districts  in  the  various  townships  of  the  county 
and  so  far  as  the  villages  and  cities  have  been  canvassed  these  figures  main- 
tain. There  has  never  been  in  the  history  of  the  county  such  an  overwhelm- 
ing sentiment  on  one  side  of  a  proposition  submitted  to  the  judgment  of  the 
people. 
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The  Troy  city  council  voted  5500  to  employ  Attorney  Robert  Black  of 
Cincinnati  to  aid  City  Solicitor  G.  T.  Thomas  in  his  fight  against  the  measure 
and  to  represent  the  city  at  Friday's  hearing. 

It  might  perhaps  be  well  to  intimate  that  the  school  house  cam- 
paign described  above  as  extending  thruout  Miami  and  Shelby  coun- 
ties was  inspired  chiefly  for  the  purpose  of  raising  money ;  and  that 
the  newspaper  publications  and  speakers  at  the  meetings  who  tried 
to  stir  up  the  people  by  telling  them  that  they  would  all  be  subject 
to  a  heavy  tax  for  the  purpose  of  paying  for  the  proposed  works, 
were  either  speaking  in  ignorance  of  the  law  or  with  a  deliberate 
intention  to  deceive.  They  could  scarcely  have  been  ignorant  of 
the  law  as  a  long  explanation  of  the  law  had  been  printed  in  many 
papers  numerous  times,  and  its  provisons  had  been  explained  at 
numerous  meetings. 

The  following  quotations,  taken  from  a  statement  prepared  by 
one  of  the  active  opponents  of  the  work  at  about  this  time,  are  es- 
pecially interesting  examples  and  are  illustrative  of  the  methods 
adopted  by  the  promoters  of  the  opposition. 

I  shall  endeavor  to  show  that  the  entire  course,  from  the  beginning  to 
the  present  moment,  of  the  Dayton  flood  committee  and  the  Morgan  Engi- 
neering Company,  in  securing  the  enactment  of  the  Conservancy  Law  of 
Ohio,  and  their  conduct  since  its  passage  has  been  flagrantly  marked  by 
continuous  acts  of  insincerity;  that  the  lives  of  the  leaders  of  the  movement 
have  been  lives  of  insincerity,  openly  arrayed  against  the  interests  of  the 
common  people;  that  no  statement  made  by  them,  except  proven  by  scien- 
tific data,  is  entitled  to  respect  or  credence;  that  no  cause,  in  the  nature  of 
things,  can  be  righteous,  that  is  conducted  without  true  honor  or  dignity 
and  that  the  vital  question  of  popular  government  is  assailed  by  this  act. 

The  opinion  of  Judge  Dillon  of  New  York,  about  how  near  to  the  quick, 
the  people  has  been  shorn  of  their  constitutional  rights,  gave  the  Dayton 
committee  a  much  larger  concern  than  their  professed  interest  in  the  health, 
safety,  welfare,  and  convenience  of  the  people. 

To  whisper  anything  that  might  reflect  upon  the  pre-eminent  standing  of 
Mr.  Morgan  as  an  engineer  would  almost  seem  profanation  and  yet  nearly 
all  the  work  of  last  year,  under  his  charge  in  this  valley,  was  performed  by 
young  men,  without  a  week  of  former  practice  in  the  field,  fresh  from  col- 
lege, and  using  the  ordinary  transit,  acknowledged  by  all  engineers  to  be 
inaccurate  under  some  conditions. 

The  people  of  the  upper  Miami  Valley  have  as  great  cause  for  rebellion 
and  resistance,  as  our  ancestors  had  for  their  resistance  of  the  Stamp  Act. 
Caesar  had  his  Brutus;  Charles  the  First  had  his  Cromwell,  George  the 
Third  his  Washington  and  the  Patterson  crowd  may  profit  by  their  ex- 
ample. 

Let  not  the  people  fear!  There  is  a  mighty  God  of  Israel  who  is  on  the 
side  of  the  people  of  the  upper  Miami  valley  who  will  put  it  into  the  hearts 
of  our  chosen  judges  that  this  offense  shall  not  be  committed;  that  the  prin- 
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ciples  for  which  our  ancestors  fought  and  suffered  and  for  which  many  of 
us  fought  and  suffered  from  '61  to  '65  are  still  alive  in  the  hearts  of  the  peo- 
ple. 

The  attempts  of  the  opposition  to  cripple  the  conservancy  law 
by  securing  the  passage  of  radical  amendments  have  been  discussed 
in  chapter  III,  see  page  76.  These  amendments  were  introduced 
into  the  state  legislature  early  in  the  year  1915.  They  were  drawn 
so  as  to  make  it  more  difficult  to  initiate  a  petition ;  to  eliminate  any 
possible  use  of  dams  or  reservoirs ;  to  curtail  the  director's  power 
of  condemnation ;  to  provide  for  at  least  one  elected  director  from 
each  county  affected  by  the  district;  to  prevent  removal  of  a  judge 
by  a  charge  of  prejudice ;  and  to  include  the  county  commissioners 
as  ex-officio  members  of  the  board  of  directors.  However,  their 
primary  purpose  was  to  obstruct  the  operations  of  the  Miami  Con- 
servancy District  and  to  make  it  impossible  to  build  retarding 
basins  in  the  upper  Miami  Valley.  The  amendments  introduced  in 
the  House  never  came  to  a  vote  while  those  introduced  in  the  Sen- 
ate were  defeated  by  a  vote  of  23  to  8. 

Failing  in  their  eflforts  to  secure  help  from  the  state  legislature 
the  opposition's  next  move  was  to  petition  for  the  establishment  of 
a  district  to  include  all  lands  drainmg  into  the  Miami  River,  in  13 
counties,  three  counties  near  the  headwater  of  the  river  being  ad- 
ded to  those  already  involved  in  the  Miami  Conservancy  District 
petition  in  the  hope  that  their  judges  would  be  opposed  to  the  re- 
tarding basin  plan  and  would  furnish  the  votes  required  to  prevent 
its  approval  by  the  conservancy  court.  Failing  in  this  attempt, 
also,  no  further  steps  of  importance  were  taken  by  the  opposition 
until  late  in  the  year  1916,  when  the  hearing  on  the  Official  Plan 
was  begun  by  the  conservancy  court.  This  hearing  was  described 
by  the  late  General  Chittenden  in  the  Engineering  News  of  Novem- 
ber 9,  1916,  in  an  article  entitled  The  Battle  over  the  Miami  Flood 
Prevention  Plans.  In  discussing  the  reasons  for  the  opposition 
General  Chittenden  says: 

Nothing  so  mystifies  an  onlooker  at  the  hearing,  even  one  who  has  kept 
in  close  touch  with  the  history  of  the  case,  as  to  try  to  discover  the  real 
basis  of  opposition  to  the  conservancy  plans.  That  opposition  has  been 
strenuous  and  resourceful  from  the  beginning,  but  just  what  it  is  based  on  is 
difficult  to  say.  In  Mr.  Ta>lor's  opening  address,  following  Mr.  Schubring, 
he  professed  to  disclose  the  grounds  of  the  opposition,  but  except  for  a 
single  reference  to  the  public  health  of  the  community  the  sole  ground  pre- 
sented was  the  lack  of  safety  in  the  dams.  There  was  no  dissent  from  the 
proposition  that  something  should  be  done.  **We  all  want  to  get  together,*' 
said  Mr.  Taylor,  *'and  see  what  is  the  best  thing  to  be  done  for  the  district." 
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Even  cost  was  not  the  matter  "of  prime  importance,"  but  safety,  and  Mr. 
Taylor  continued: 

**The  fundamental  propostion  is  this,  as  we  see  it.  Is  the  plan  of  pro- 
tection by  retarding  basins  safe  and  feasible,  or  is  it  not?  Now,  that  is  ab- 
solutely the  crux  of  the  whole  situation.  Anything  else  is  practically  sur- 
plusage. Of  course,  there  are  questions  of  local  flood  protection  that  ought 
to  be  heard  and  will  be  heard,  but  the  thing  we  want  to  get  at  is  this  one 
matter;  everything  hangs  upon  that:    Are  the  dams  safe?" 

Elaborating  this  idta,  the  whole  system  of  retarding  basins  was  attacked 
in  general  and  in  detail  as  essentially  unsound  and  creating  an  ever  present 
menace  to  the  inhabitants  in  the  valleys  below. 

Unfortunately  this  line  of  attack  lacks  the  essential  elements  of  sincer- 
ity. Those  who  are  mainly  using  it  live  above  the  dams,  except  some  few 
below  the  small  basin  at  Lockington.  No  complaint  worth  considering  has 
come  from  below  the  main  dams.  There  is  no  pronounced  distrust  of  their 
safety  there,  where  if  anywhere  it  must  exist.  It  is  therefore  impossible  to 
accept  this  argument  as  the  real  reason.  It  is  eflFective,  it  strikes  a  popular 
chord,  it  plays  upon  public  fears  and  is  a  useful  instrument  in  accomplishing 
the  real  purpose.  Yet  what  the  real  purpose  of  the  opposition  is  and  what 
is  the  motive  back  of  it  are  nowhere  definitely  disclosed. 

The  writer  is  convinced  in  his  own  mind  that  it  is  the  desire  to  escape 
the  burdens  of  an  assessment  district,  which  some  fear  will  be  out  of  propor- 
tion to  the  benefits.  Indirectly  this  idea  has  cropped  out  in  numerous  places. 
Then  there  is,  or  has  been,  a  feeling  that  the  scheme  is  for  the  benefit  of 
Dayton,  Hamilton,  and  other  towns  and  that  the  outlying  districts  will  be 
taxed  for  their  benefit.  Finally,  the  very  fact  of  opposition  has  gained  a  cer- 
tain vogue,  enters  more  or  less  into  local  politics,  serves  to  sustain  much 
legal  practice,  and  thus  its  continuance  derives  an  importance  in  certain  di- 
rections which  is  not  to  be  lightly  estimated. 

Such  is  a  general  view  of  the  situation  as  nearly  as  the  writer  has 
analyzed  it.  He  has  not  been  able  to  lay  his  finger  on  what  he  can  term  a 
single  valid  objection.  There  may  be  such;  but  if  so  they  have  been  covered 
up  under  the  plausible  appeal  of  safety,  which,  as  already  stated,'  lacks  the 
simplest  element  of  sincerity. 

Only  one  engineer  testified  for  the  opposition.  He  had  been  en- 
gaged by  the  counties  of  Miami,  Shelby,  and  Clark  to  make  a  re- 
port on  the  cost  of  securing  flood  prevention  by  channel  improve- 
ment and  also  on  the  cost  of  the  plan  adopted  by  the  Miami  Con- 
servancy District.  His  report  was  offered  as  evidence  and  his  own 
testimony  was  in  elucidation  of  this  report.  Speaking  of  this  Gen- 
eral Chittenden  says: 

Concerning  both  report  and  testimony,  the  most  charitable  commen- 
tary that  can  be  made  is  that  they  were  unfortunate,  whether  from  a  pro- 
fessional point  of  view  or  as  a  contribution  to  the  cause  of  the  opposition. 
It  is  true  that  Mr.  Hill's  time  and  resources,  as  he  repeatedly  urged,  were 
very  limited,  and  it  was  not  to  be  expected  that  he  could  offset  in  wealth  of 
detail   the   elaborate   work  of  the   district   itself.     But  the   report   was   not 
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merely  weak  in  this  respect;  it  disclosed  a  willingness  to  adjust  data  to  suit 
the  exigencies  of  the  case,  and  this  feature  was  so  manifest  as  to  deprive  the 
report  of  all  claim  to  public  confidence. 

The  following  paragraph  taken  from  the  closing  comments  made 
by  General  Chittenden  in  the  above  mentioned  article  is  pertinent: 

Viewing  the  case  as  a  whole,  it  well  illustrates  what  the  writer  has 
often  remarked:  The  greatest  obstacles  that  the  promoters  of  public  work 
have  to  overcome  are  not  those  of  nature,  but  of  man.  Nature  is  some- 
times a  stubborn  adversary,  but  she  always  acts  in  the  open,  without  subter- 
fuge or  indirection.  But  human  ignorance,  prejudice  and  self-interest  are 
handicaps  of  a  different  character.  Ignorance  is  least  important,  because  it 
may  yield  to  instruction.  Prejudice — that  is,  prejudgment  of  a  case  and 
then  sticking  to  it  regardless  of  facts — is  immeasurably  worse.  But  self- 
interest  is  the  most  insuperable  obstacle  of  all.  Public  measures  are  judged 
by  their  effect  on  the  private  pocket-book,  and  the  rarest  phenomenon  in  the 
world  is  a  willingness  to  subordinate  personal  interest  to  the  public  welfare. 

After  the  Official  Plan  was  approved  by  the  conservancy  couit 
no  further  opposition  of  importance  was  met  with.  Although  a 
great  many  exceptions  to  the  assessments  were  filed  after  appraisers 
made  their  report,  the  total  amount  of  property  involved  was  not 
great  and  they  did  not  in  any  way  hold  up  the  progress  toward 
construction. 

METHOD  OF  MEETING  THE  OPPOSITION 

The  intrinsic  merit  of  a  great  project  is  not  in  itself  sufficient  to 
assure  the  success  of  that  project.  Many  of  our  most  useful  and 
widely  beneficial  public  works  have  been  brought  to  a  successful 
completion  only  through  presistent  and  painstaking  promotion  and 
education.  Such  educational  work  is  needed  to  assist  the  public  in 
an  understanding  of  the  merits  of  a  project,  not  merely  to  obtain 
passive  permission  but  to  stimulate  live  public  support  and  active 
cooperation  in  the  work.  To  successfully  overcome  impatience, 
prejudice,  and  ignorance  of  the  plans,  to  combat  misrepresentation, 
to  harmonize  conflicting  interests  into  united  effort,  and  to  gain  the 
whole  and  confident  support  of  the  people  in  the  Miami  Valley 
flood  control  project,  was  perhaps  one  of  the  most  difficult  tasks 
presented  by  the  undertaking. 

Flood  protection  is  fundamentally  a  work  of  the  people  and  its 
progress  and  successful  accomplishment  depend  in  a  large  measure 
on  public  support.  This  is  particularly  true  in  the  case  of  large 
projects  which  involve  many  interests  and  aflFcct  many  properties, 
as  where  a  number  of  cities  and  towns  and  counties  must  be  reck- 
oned with.     The  present  day  tendency  to  publish  and  circulate 
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such  news  and  opinions  as  are  readily  available  makes  it  imperative 
that  reliable  information  regarding  a  project  be  disseminated  to 
forestall  the  spreading  of  crroneons  ideas  and  misrepresentations. 

Being  a  work  of  the  people  it  was  recognized  at  the  outset  that 
the  only  just  course  would  be  to  keep  the  people  fully  informed  on 
every  phase  and  development  of  the  project,  and  it  was  this  policy 
that  proved  to  be  the  best  weapon  against  all  efl'orts  to  obstruct  the 
work  Every  important  step  was  publicly  announced  and  its  sig- 
nificance explained.  The  plans  were  often  exhibited  and  explained 
in  detail  in  public  places,  and  were  kept  open  for  public  inspection 
at  all  times.  They  naturally  involved  many  considerations  of  a 
technical  character  and  to  have  these  understood  by  the  general 


FIG.  41.— FLOOD  VIEW  IN  TROY. 
Looking  toward  ihc  Thomas  greenhouses  in  March,  1913,  when  ihc  Hood 

public  was  by  no  means  an  easy  matter.  There  were  even  cases 
where  the  feeling  of  opposition  had  become  so  bitter  that  persons 
made  no  examination  whatsoever  of  the  plans,  but  attacked  them 
without  knowing  their  purport. 

Soon  after  the  flood  prevention  surveys  were  begun  it  was  de- 
cided to  institute  a  campaign  of  education  through  the  medium  of 
the  news])apers.  This  was  conducted  by  a  graduate  civil  engineer 
having  previous  newspaper  experience.  The  first  article  presented 
in  this  way  outlined  the  necessity  for  the  preliminary  surveys.  In 
another  article,  the  work  of  the  field  parties  was  described  and  il- 
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lustrated  with  photographs  taken  in  the  field.  Other  articles  fol- 
lowed, pointing  out  the  importance  of  preserving  and  recording 
high  water  marks,  the  necessity  for  determining  the  amount  of 
flood  flow,  the  effect  of  bridges  on  channel  capacities,  the  purpose 
of  these  articles  being  to  keep  the  public  informed  as  to  how  and 
why  things  were  being  done,  and  so  to  prevent  as  much  as  possible 
the  development  of  opposition.  Other  flood  problems  and  projects 
were  described.  A  four-page  newspaper  supplement,  entitled  Flood 
Prevention  in  the  Miami  Valley,  was  prepared  and  issued  by  the 
Flood  Prevention  Committee  in  March,  1914,  and  distributed 
throughout  the  valley  by  thirty  or  more  local  newspapers.  Each 
paper  was  supplied,  without  cost,  with  as  many  copies  as  it  required, 
printed  with  its  own  heading.  This  supplement  set  forth  a  full 
though  concise  statement  of  facts  without  comment  or  argument. 
It  gave  briefly  some  of  the  results  of  the  rainfall  studies,  outlined 
the  necessity  for  flood  control  law  and  briefly  described  the  law  and 
the  flood  control  plans  that  were  being  prepared.  It  was  very 
effective  in  presenting  to  the  general  public  a  clear  exposition  of  the 
main  factors  of  the  problem. 

A  matter  much  more  difficult  to  deal  with  than  the  accidental 
misrepresentations  occasionally  made  in  the  friendly  papers  were 
the  persistent  and  bitter  attacks  of  a  few  of  the  country  papers  in 
the  valley.  Curiously  enough  this  antagonism  appeared  in  parts  of 
the  valley  least  affected  by  the  proposed  plan,  the  most  violent 
tirades  in  fact  coming  from  unaffected  communities.  Articles  that 
were  sensational,  misleading,  and  abusive  were  printed  in  papers 
having  little  or  no  logical  interest  in  the  matter.  The  unreasoning 
character  and  ridiculous  falsity  of  their  statements  may  be  illus- 
trated by  the  following  typical  quotations : 

The  Dayton  flood  prevention  committee  had  through  the  connivance  of 
the  newspapers,  prevented  the  Morgan  plans  from  becoming  known  to  the 
citizens  generally. 

The  possibilities  of  this  flood  bill  are  startling.  If  they  do  not  expect 
to  make  use  of  the  power  clause,  what  is  it  in  there  for? 

A  gentleman  who  says  he  has  seen  the  real  Morgan  estimates,  which 
are  not  given  out  to  the  public,  declares  that  nearly  30  reservoirs  are  to  be 
built  in  Miami  county. 

Do  you  know  that  every  foot  of  land  that  drains  into  the  Miami  River 
can  be  taxed  by  this  Act? 

The  directors  of  flood  districts  are  to  be  paid  $10,000  per  year. 

Government  experts  are  against  the  dry  reservoir  plan. 
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Government  engineers  who  were  on  the  job  before  the  Morgan  people, 
say  it  would  take  a  reservoir  as  big  as  Lake  Erie  to  handle  the  water  which 
swept  through  this  valley  last  spring. 

It  was  difficult  to  meet  such  wilful  misrepresentation.  At  first, 
attempts  were  made  to  reply  to  such  statements,  but  it  was  found 
almost  impossible  to  do  this  without  aggravating  the  opposition  to 
more  bitter  attacks.  The  best  policy  proved  to  be  to  ignore  the 
wilful  misrepresentation  but  to  giye  careful  consideration  to  all 
conscientious  opposition. 

Numerous  methods  other  than  newspaper  work  were  employed 
to  disseminate  correct  information  regarding  the  plans  and  the  law. 
Public  meetings  were  held  in  all  the  Cities  and  towns  affected,  illus- 
trated lectures  being  given  to  explain  the  plan  in  detail.  Several 
large  papier  mache  models  of  the  proposed  Germantown  dam  were 
made  and  exhibited  in  various  cities.  Persons  who  opposed  the 
plans  were  urged  to  examine  them,  and  every  facility  was  offered 
for  such  inspection  at  the  engineering  office  where  an  engineer  was 
always  available  to  explain  them.  The  information  bureau  estab- 
lished at  Columbus  in  -January,  1915,  to  combat  the  proposed 
amendments  to  the  conservancy  act,  was  especially  equipped  for 
educational  work  of  this  kind.  To  counteract  misleading  statements 
attacking  the  law,  circulated  by  the  opposition,  a  45-page  booklet 
entitled  The  Truth  about  the  Conservancy  Law  of  Ohio  was  hur- 
riedly but  carefully  prepared,  and  thousands  of  copies  were  dis- 
tributed to  those  interested.  This  gave  an  explanation  of  the  con- 
servancy act  and  the  effect  thereon  of  the  proposed  amendments. 
Nearly  10,000  copies  of  the  conservancy  act  giving  the  complete 
text,  were  distributed  by  the  Flood  Prevention  Committee  during 
the  first  three  years  after  its  passage.  In  September,  1914,  the  Com- 
mittee published  a  printed  report  setting  forth  the  legal,  financial, 
and  engineering  status  of  the  work,  and  sent  out  over  20,000  copies 
of  this  pamphlet  to  residents  of  the  valley.  Many  other  reports  and 
pamphlets  were  published  and  freely  distributed.  The  engineering 
journals  were  kept  fully  informed  as  to  the  engineering  features. 

The  conscientious  efforts  to  keep  complete  and  exact  information 
before  the  people  gradually  became  appreciated  throughout  the 
valley  and  overcame  such  opposition  as  rested  on  misunderstanding 
or  misinterpretation  of  the  law  or  the  plans.  The  policy  of  fair 
dealing  adopted  by  the  Flood  Prevention  Committee  and  by  the 
directors  and  their  engineers,  finally  won  over  all  but  the  most  un- 
reasoning element  of  the  opposition.  Some  of  the  most  bitter  an- 
tagonism, because  of  its  unreasoning  and  offensive  character,  in  the 
end  proved  of  real  benefit  to  the  project. 


CHAPTER  IX.— CHRONOLOGY 

The  progress  of  the  Miami  Valley  flood  control  project  previous 
to  the  construction  period  may  be  briefly  summarized  as  follows : 
May  13,  1913,  Beginning  of  preliminary  surveys  and  investigations. 
Oct.  3,  1913,  Plan  submitted  by  Morgan  Engineering  Company. 
Feb.  17,  1914,  Passage  of  the  Conservancy  Act  of  Ohio. 
June  28,  1915,  Establishment  of  the  Miami  Conservancy  District. 
May  10,  1916,  Adoption  of  the  report  of  the  chief  engineer. 
Nov.  24.  1916,  Approval  of  the  Official  Plan. 
July  30,  1917,  Approval  of  the  appraisal  record. 
Sept.  15,  1917,  Advertisement  for  bids. 
Dec.  10,  1917,  Sale  of  bonds. 

A  detailed  chronology  of  events  is  given  in  the  following  pages : 

CHRONOLOGY  OF  EVENTS  DURING  YEAR  1913 

March  23-27 — Disastrous  floods  in  the  Miami  Valley. 

March  27 — Dayton  Citizens*  Relief  Committee  of  five  members  ap- 
pointed by  Governor  James  M.  Cox.  Citizens'  Relief  Committee  of  Ham- 
ilton organized  to  raise  fund  for  relief  of  flood  sufferers. 

April  18 — Emergency  Act  passed  by  state  legislature  authorizing  the 
mayor  of  any  city  to  appoint  an  emergency  commission.  Emergency  com- 
mission appointed  at  Hamilton,  consisting  of  the  following:  S.  M.  Good- 
man, Hamilton;  Chas.  Mason,  Hamilton;  Ben  Harwitz,  Middletown,  and  T. 
C.  Simpson,  Middletown. 

April  21 — Dayton  Citizens'  Relief  Committee  enlarged  to  thirty  mem- 
bers, and  following  committees  appointed: 

Flood  Prevention,  generally  known  as  the  Dayton  Flood  Prevention 
Committee. 

Finance. 

Public  Improvement. 

Sanitation. 

Traffic  and  Public  Service. 

Emergency  Commission  of  Hamilton,  cooperating  with  county  commis- 
sioners of  Butler  County,  engaged  John  W.  Hill  of  Cincinnati  to  investigate 
the  flood  control  problem  in  Butler  County. 

May  2 — Dayton  Flood  Prevention  and  Finance  Committee  adopted  res- 
olution to  raise  $2,000,000  fund  for  flood  control  work. 

May  5 — Morgan  Engineering  Company,  of  Memphis,  employed  by  Day- 
ton Flood  Prevention  Committee  to  report  on  plans  for  flood  preventioiv. 
Arthur  E.  Morgan  assumed  personal  charge  of  investigations. 

May  10 — Dayton  invited  other  Miami  Valley  cities  to  cooperate  in  flood 
control  work. 

May  13 — Surveys  begun  by  Morgan  Engineering  Company. 

May  15 — Miami  Valley  Flood  Prevention  Association,  representing  five 
counties,  organized  at  Dayton. 
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May  25 — Raising  of  $2,000,000  voluntary  fund  by  citizens  of  Dayton, 
completed. 

May  29 — Daniel  W.  Mead,  of  Madison,  Wis.,  John  W.  Alvord,  of  Chi- 
cago, III.,  and  Sherman  M.  Woodward,  of  Iowa  City,  Iowa,  consulting  engi- 
neers, held  first  meeting  in  Dayton. 

June  14 — Joint  meeting  of  Dayton  Citizens'  Relief  Committee  and  its 
Flood  Prevention  and  Finance  Committees.  Resolution  adopted,  to  incor- 
porate Dayton  Citizens'  Relief  Commission. 

June  19-20 — Consulting  engineers  held  second  meeting  in  Dayton. 

June  25 — Dayton  Citizens'  Relief  Commission  incorporated. 

August  7 — Morgan  Engineering  Company  and  city  engineer  presented 
report  to  city  council  of  Dayton,  recommending  repair  and  strengthening 
of  levees,  and  removing  of  trees  and  brush  from  the  river  channel  within 
the  city  for  temporary  protection  of  Dayton. 

October  3 — Morgan  Engineering  Company  submitted  preliminary  re- 
port on  various  plans  for  flood  control. 

October  A — Public  informed  that  Morgan  Engineering  Company  rec- 
ommended protection  of  Miami  Valley  by  means  of  retarding  basins  com- 
bined with  channel  improvement  and  that  legislation  be  enacted  providing 
for' the  organization  of  conservancy  districts. 

October  20-25 — Consulting  engineers  met  in  Dayton. 

October  25 — Consulting  Engineers  approved  recommendation  of  Mor- 
gan Engineering  Company  regarding  necessary  legislation  and  recom- 
mended that  additional  study  be  given  to  methods  of  flood  control  before 
finally  adopting  a  definite  plan  for  the  Miami  Valley. 

November  8 — Dayton  Flood  Prevention  Committee  authorized  drafting 
of  conservancy  bill. 

November  13 — John  W.  Hill  submitted  report  to  the  county  commis- 
sioners and  Emergency  Commission  of  Butler  County,  on  flood  conditions 
in  Butler  County. 

November  28 — Butler  County  delegation  met  Dayton  Flood  Prevention 
Committee  at  Dayton  and  examined  plans  for  protection  of  entire  valley. 

December  9 — Butler  County  Emergency  Commission  arranged  with 
Dayton  Flood  Prevention  Committee  to  include  Butler  County  in  plans  for 
protection  of  Miami  Valley  from  floods.  Mass  meeting  at  Hamilton  ad- 
dressed by  E.  A.  Deeds,  Arthur  E.  Morgan,  and  cJthers. 

December  19 — Dayton  Flood  Prevention  Committee  visited  Piqua  and 
conferred  with  representative  citizens  on  flood  prevention  plans. 

CHRONOLOGY  OF  EVENTS  DURING  YEAR  1914 

January  6 — Conservancy  bill  reported  to  Dayton  Flood  Prevention 
Committee. 

January  7 — Mass  meetings  held  at  Troy  and  Piqua  to  explain  flood  con- 
trol plans  and  conservancy  bill. 

January  10 — Conservancy  bill  submitted  to  Governor  Cox  and  Attorney 
General  Hogan. 

January  10 — Greater  Dayton  Association  held  membership  meeting  at 
Memorial  Hall.  Arthur  E.  Morgan  explained  flood  control  plans  with 
slides. 
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January  13 — Mass  Meeting  held  at  Sidney  to  explain  flood  control 
plans  and  conservancy  bill. 

January  15 — Miami  Valley  Flood  Prevention  Association  and  Dayton 
Citizens*  Relief  Commission  held  meeting  and  approved  conservancy  bill. 

January  17 — Consulting  engineers  held  meeting  in  Dayton  and  made 
report  approving  plan  of  Morgan  Engineering  Company  for  retarding  basins 
supplemented  by  channel  improvements  at  cities. 

January  19 — Conservancy  bill,  House  Bill  No.  19,  introduced  in  state 
legislature  by  Representative  Victor  Vonderheid^,  of  Dayton. 

January  20 — Hearing  on  conservancy  bill  at  Columbus  before  Judiciary 
Committee  of  House.  Judge  Horace  S.  Oakley,  of  Chicago,  and  others, 
spoke  for  the  bill. 

January  21 — Judiciary  Committee  of  House  reported  out  conservancy 
bill,  with  recommendation  for  passage,  but  without  emergency  section. 

January  21 — Mass  meeting  held  at  Troy  to  explain  conservancy  bill  and 
flood  control  plans. 

January  22 — House  of  representatives  passed  conservanc3'  bill,  88  to  18. 
Emergency  section  defeated.  Representative  Quinlisk,  of  Shelby  County, 
sought,  unsuccessfully,  to  have  construction  of  reservoirs  eliminated.  Sev- 
eral amendments  were  adopted:  (1)  Contract  shall  not  be  let  to  other  than 
lowest  bidder  unless,  upon  a  hearing  before  the  court,  an  order  be  obtained 
therefor.  (Sec.  16);  (2)  Giving  State  power  to  regulate  rates  for  power, 
light,  etc.;  (3)  Conservancy  court  shall  consist  of  one  common  pleas  judge 
from  each  county  in  a  conservancy  district. 

January  23 — Conservancy  bill  introduced  in  the  Senate  and  referred  to 
the  Committee  on  Public  Works. 

January  24 — Chamber  of  Commerce,  Youngstown,  Ohio,  held  meeting 
at  which  conservancy  bill  was  explained. 

January  28 — Senate  Committee  on  Public  Works  held  hearing  on  con- 
servancy bill. 

February  2 — Senate  Committee  on  Public  Works  voted  to  recommend 
conservancy  bill  for  passage. 

February  2 — Mass  meeting  held  at  Lebanon  to  explain  flood  control 
plans  and  conservancy  bill. 

February  3 — Conservancy  bill  reported  out  by  Senate  Committee  on 
Public  Works. 

February  A — Senate  passed  and  amended  conservancy  bill,  29  to  1. 
Emergency  section  added  in  senate. 

February  5 — Senate  amendments  to  conservancy  bill  concurred  in  by 
house  of  representatives.  Emergency  section  defeated  in  house  of  repre- 
sentatives. 

February  6 — Emergency  section  reconsidered  and  passed  by  house  of 
representatives,  85  to  16. 

February  13 — Business  Men's  League  in  Franklin  held  meeting  at 
which  conservancy  bill  and  flood  control  plans  were  explained. 

February  17 — Conservancy  bill  signed  bj'^  Governor  James  M.  Cox  and 
filed  with  Secretary  of  State. 

February  18 — Petition  filed  in  court  of  common  pleas  of  Montgomery 
County,  asking  for  establishment  of  The  Miami  Conservancy  District. 
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February  18 — Petition  for  formation  of  The  Miami  Conservancy  Dis- 
trict advertised. 

February  26 — Dayton  Citizens'  Relief  Commission  held  meeting  at 
which  flood  prevention  plans  and  conservancy  act  were  explained. 

February  28 — Mass  meeting  held  at  Springfield  at  which  conservancy 
act  was  explained. 

March  2 — Prosecuting  attorneys  from  ten  counties  in  proposed  Miami 
Conservancy  District  met  at  Dayton  to  hear  explanation  of,  and  to  discuss 
conservancy  act  and  flood  prevention  plans. 

March  4— Mass  meeting  held  at  Tippecanoe  City  to  explain  conservancy 
act  and  flood  prevention  plans. 

March  5 — Flood  prevention  supplement,  entitled  Facing  Forward,  is- 
sued by  newspapers  of  valley. 

March  9 — Special  Board  of  Consulting  Engineers  engaged. 
March    18— Special    Board    of    Consulting    Engineers    made    trip    over 
reservoir  sites  by  automobile  from  Piqua. 

March  20 — Conservancy  court  convened  at  Dayton  to  hear  petition  for 
establishment  of  Miami  Conservancy  District.  Court  composed  of  one 
common  pleas  judge  from  each  county. 

March  20 — Conservancy  court  adjourned  to  await  action  by  court  of 
appeals  on  writ  of  prohibition  filed  by  David  Oldham  of  Shelby  County. 
Court  of  appeals  sat  in  Dayton  in  afternoon  and  heard  arguments  in  this 
case.    Judges  Ferneding,  Alread,  and  Kunkle  on  bench. 

March  20-26 — Special  Board  of  Consulting  Engineers  held  meeting  in 
Dayton. 

March  21 — Court  of  appeals  dismissed  writ  of  prohibition,  and  ordered 
conservancy  court  to  proceed.  Conservancy  court  proceeded  with  hearing 
in  Memorial  Hall.  Constitutional  questions  raised  by  counsel  for  opposi- 
tion, and  court  adjourned  to  March  31. 

March  31 — Conservancy  court  convened  at  Dayton.  Judge  Broderick 
of  Logan  County  too  ill  to  come.  Decided  to  proceed  with  9  judges.  Argu- 
ments heard  on  constitutionality  of  conservancy  act  for  3  days. 

April  3 — Conservancy  court  adjourned  to  consider  case. 

April  16 — Conservancy  court  met  for  further  hearing  of  case.  Logan 
County  judge  still  absent. 

April  18 — Conservancy  court  decided  5  to  4  in  favor  of  constitutionality 
of  conservancy  act.  Petition  dismissed,  as  majority  of  10  judges  was  neces- 
sary. 

April  23 — Petitioners  filed  bonds  for  appeal. 

April  25 — Court  of  appeals  met  and  fixed  May  7  for  hearing. 

May  7 — Court  of  appeals  met  to  hear  arguments  on  appeal. 

May  8 — Court  of  appeals  adjourned  after  hearing  argument  on  consti- 
tutional questions. 

May  14— Petition-in-error,  entitled,  City  of  Dayton  and  Others  vs. 
County  of  Miami  and  Others,  No.  65,  filed  in  court  of  appeals. 

May  27 — Court  of  appeals  decided  case  was  appealable. 

June  3 — Court  of  appeals  decided  conservancy  act  was  constitutional, 
except  in  the  preliminary  tax  clause. 
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July  20 — Delegation  of  objectors  to  Miami  Conservancy  District  and 
conservancy  act  from  upper  Miami  Valley  interviewed  Governor  Cox,  and 
urged  him  to  bring  matter  before  special  session  of  legislature.  Request 
not  granted. 

August  3 — Petition-in-error,  entitled,  Snyder  et  al.  vs.  Deeds  et  al., 
Case  14,696,  filed  in  supreme  court  by  objectors. 

August  7 — Motion  made  by  defendants  to  advance  error  case  filed  in 
supreme  court  August  3,  1914. 

August  17 — O.  N.  Floyd  began  a  five  weeks'  trip  to  the  Pacific  Coast  to 
examine  methods  of  constructing  earth  dams. 

September  16 — Motion  of  defendants  to  advance  case  in  supreme  court 
sustained.    November  12  set  as  time  for  briefs  and  final  oral  argument. 

September  23 — Dayton  Flood  Prevention  Committee  issued  report  to 
subscribers  to  Flood  Prevention  Fund. 

November  12 — Supreme  court  heard  arguments  on  petition-in-error. 
See  August  3  and  7,  and  September  16. 

December  15 — Supreme  court  declared  conservancy  act  constitutional 
and  a  proper  emergency  law;  but  found  Sec.  6  unconstitutional,  and  reversed 
case  on  that  account  because  it  had  not  come  up  on  error  instead  of  appeal. 

December  22 — Court  of  appeals  took  under  advisement  a  motion  to  dis- 
miss petitions-in-error,  see  May  14,  after  hearing  arguments. 

CHRONOLOGY  OF  EVENTS  DURING  YEAR  1915 

January  18 — Court  of  appeals,  sitting  in  Columbus,  upheld  right  of 
petitioners  for  district  to  seek  review  of  case  on  a  petition-in-error. 

January  20 — House  Bill  No.  116,  amending  conservancy  act,  introduced 
in  state  legislature  by  Representative  Quinlisk  of  Shelby  County. 

January  21 — Senate  Bill  No.  3S,  amending  conservancy  act,  introduced 
by  Senator  Carver  of  Miami  County.  Quinlisk  Bill  read  second  time  by 
title  and  referred  to  Committee  on  Conservation  of  Natural  Resources. 

January  22 — Court  of  appeals,  sitting  in  Dayton,  heard  arguments  on 
petition-in-error. 

January  25 — Carver  Bill  read  second  time  and  referred  to  Committee 
on  Drainage  and  Irrigation. 

January  27 — Court  of  appeals  upheld  petition-in-error,  and  ordered 
conservancy  court  to  proceed  with  hearing.  Defendants  in  error  ordered 
to  pay  the  costs. 

January  28 — Dayton  Flood  Prevention  Committee  established  head- 
quarters at  Hartman  Hotel,  Columbus,  to  combat  proposed  amendments  to 
conservancy  act. 

January  28 — Dayton  Flood  Prevention  Commitee  explained  situation 
to  newspaper  men  in  Columbus,  with  stereopticon  views  to  illustrate  plans. 

February  2 — Joint  committee  of  legislature  held  meeting  in  Senate 
Chamber  to  hear  proponents  of  Garver-Quinlisk  Bills. 

February  3— Joint  committee  of  legislature  held  meeting  in  house  of 
representatives  to  hear  opponents  of  Garver-Quinlisk  Bills. 

February  9 — Public  hearing  of  both  sides  on  Garver-Quinlisk  Bills  held 
in  house  of  representatives  before  joint  committee.  E.  A.  Deeds  and  oth- 
ers spoke  in  support  of  the  conservancy  act.  Large  delegations  from  the 
Miami  Valley  presented  petitions,  urging  preservation  of  law. 
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February  11 — Petition  against  Garver-Quinlisk  Bills  presented  to  house 
of  representatives,  signed  by  Charles  G.  Wilson  and  72,889  citizens  of  Day- 
ton and  vicinity.  Similar  petition  presented  signed  by  Peter  G.  Thompson 
and  16,400  citizens  of  Butler  County. 

February  13 — Friendly  suit  filed  in  supreme  court  by  Prosecuting  At- 
torney R.  P.  Duncan,  of  Franklin  County,  to  test  constitutionality  of  pre- 
liminary tax  clause  of  conservancy  act. 

February  18 — Petitions-in-error  filed  in  supreme  court  by  objectors  to 
proposed  District;  No.  14,834,  County  of  Miami  et  al.  vs.  City  of  Dayton 
et  al. 

February  24 — House  Committee  on  Conservation  held  hearing  on  Quin- 
lisk  Bill. 

March  1 — Senator  Garver  made  bitter  speech  in  senate  against  con- 
servancy act  and  the  campaign  to  preserve  it. 

March  2 — Senator  Lloyd  moved  that  Senate  Bill  No.  38,  Garver  Bill, 
be  taken  from  Committee  on  Drainage  and  Irrigation,  complaining  of  dila- 
tory tactics  of  the  committee.  Upon  motion  of  Senator  McDermott,  further 
consideration  of  Senator  Lloyd's  motion  postponed  until  2:00  p.  m.  next 
day. 

March  3 — Senator  Lloyd  withdrew  motion  to  take  Garver  Bill  from 
committee  by  agreement;  and  Senator  White,  Chairman  of  Commitee,  re- 
ported out  Garver  Bill  with  recommendation  for  passage.  On  motion  of 
Senator  Garver,  rules  suspended,  and  biil  made  special  order  for  March  10, 
at  2  p   m. 

March  10 — Senate  Bill  No.  38,  upon  motion  of  Senator  Garver,  its 
author,  indefinitely  postponed. 

March  13 — Counsel  for  Dayton  Flood  Prevention  Committee  filed  mo- 
tion to  advance  Case  No.  14,834  in  supreme  court,  see  February  18. 

March  17 — House  Committee  on  Conservation  held  meeting.  Repre- 
sentative Quinlisk  offered  substitute  for  his  original  bill,  to  amend  con- 
servancy act  only  as  to  election  of  directors  and  option  to  take  easement  or 
fee.  Quinlisk's  motion  to  report  his  substitute  out  was  lost.  Representa- 
tive Stokes  moved  for  new  hearing  March  23.     Motion  carried. 

March  18 — Supreme  court  advanced  case,  see  Feb.  18,  after  hearing 
argument  by  counsel  for  Dayton  Flood  Prevention  Committee.  Court  or- 
dered all  briefs  in  by  April  24,  on  account  of  illness  of  John  A.  McMahon. 
Case  set  for  oral  argument  May  28. 

March  22 — Attorney  General  E.  C.  Turner  gave  opinion  to  legislature 
that  emergency  laws  must  receive  a  two-thirds  vote  of  all  members. 

March  23 — House  Committee  on  Conservation  held  hearing  on  amend- 
ments to  conservancy  act. 

March  25 — Court  of  common  pleas  of  Lucas  County  rendered  opinion 
that  conservancy  act  was  valid  and  properly  passed. 

March  26 — Directors  of  Franklin  County  Conservancy  District  and 
Dayton  Flood  Prevention  Committee,  through  Prosecuting  Attorney  R.  P. 
Duncan,  of  Franklin  County,  asked  supreme  court  to  amend  the  pending 
quo  warranto  proceedings  to  include  the  question  of  the  validity  of  the 
conservancy  act. 

April  5 — House  Committee  on  Conservation  reported  out  Quinlisk's 
original  bill,  without  recommendation.     Report  agreed  to,  bill  ordered  en- 


HISTORY  OF  MIAMI  FLOOD  CONTROL  PROJECT  183 

grossed,  and  read  third  time  in  regular  order.  This  bill  never  came  to  a 
vote  in  the  hopse  of  representatives. 

April  5 — Senate  Bill  No.  262  introduced  by  Senator  Carver  and  read 
first  time.  It  proposed  to  amend  the  conservancy  act  by  having  one  di- 
rector elected  from  that  part  of  each  county  within  the  district;  and  by  giv- 
ing property  owners  option  to  say  whether  they  would  sell  easement  or  fee. 

April  6 — Senate  Bill  No.  262  read  second  time.  Referred  to  Committee 
on  Judiciary.  Motion  to  refer  to  Committee  on  Drainage  and  Irrigation 
defeated. 

April  7 — Opponents  to  proposed  district  filed  petition  at  Troy  for  for- 
mation of  Western  Ohio  Conservancy  District  which  included  all  lands 
draining  into  the  Miami  River  in  13  counties. 

April  13 — Senate  Bill  No.  262  reported  back  from  Judiciary  Committee 
without  recommendation.  Ordered  engrossed  and  read  third  time  in  regu- 
lar order.  On  motion  Senator  Carver  made  special  order  for  2:30  p.  m. 
April  21. 

April  17 — Petition  for  organization  of  Western  Ohio  Conservancy  Dis- 
trict advertised  in  Troy  Record.  Hearing  set  for  June  1,  1915,  but  later 
postponed  to  June  22,  to  await  supreme  court  decision. 

April  21 — Senate  Bill  No.  262  came  up  at  4:56  p.  m.  Read  for  third 
time.     Bill  lost  23  to  8.     Motion  to  reconsider  tabled. 

May  28 — Case  involving  the  validity  of  the  conservancy  act  submitted 
to  supreme  court  without  oral  argument,  see  March  26. 

June  A — Supreme  court  declared  conservancy  act  constitutional  and  a 
proper  emergency  measure.     Entire  law  upheld,  except  Sec.  6  as  to  appeal. 

June  11 — Dayton  Flood  Prevention  Committee  made  a  public  report  of 
progress  to  the  Dayton  Citizens*  Relief  Commission. 

June  14 — Petitioners  for  Miami  Conservancy  District  filed  petition  in 
Dayton  asking  for  elimination  of  Logan  County  and  part  of  Shelby  County 
from  original  district. 

June  22 — Common  Pleas  Judges  from  13  counties  included  in  Western 
Ohio  Conservancy  District  convened  in  Troy,  heard  arguments  and  dis- 
missed petition. 

June  22 — Counsel  for  opponents  of  Miami  Conservancy  District  at  once 
filed  motion  at  Dayton  to  add  Champaign,  Auglaize,  and  Darke  Counties  to 
Miami  Conservancy  District. 

June  24 — Conservancy  Court  of  10  judges  met  in  Dayton.  Motion  to 
extend  boundary  overruled.  Elimination  of  Logan  County  allowed,  and 
Logan  County  judge  ceased  to  be  member  of  court.  Hearing  concluded  on 
afternoon  of  June  25,  court  adojurned  to  June  28. 

June  28 — The  Miami  Conservancy  District  established  by  conservancy 
court  convened  at  Dayton.  Board  of  directors  appointed  as  follows:  Ed- 
ward A.  Deeds,  Henry  M.  Allen,  and  Gordon  S.  Rentschler. 

July  7 — Directors  of  district  appointed  Ezra  M.  Kuhns,  secretary;  Oren 
B.  Brown,  attorney;  John  A.  McMahon,  counsel,  and  Arthur  E.  Morgan, 
chief  engineer  of  The  Miami  Conservancy  District. 

July  7 — E.  A.  Deeds  announced  that  he  would  donate  permanent  home 
for  the  office  of  the  district. 

July  24— Professor  Daniel  W.  Mead  appointed  acting  chief  engineer  on 
account  of  illness  of  Arthur  E.  Morgan. 
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August  A — Board  of  appraisers  appointed  by  conservancy  court  as  fol- 
lows:   J.  Edward  Sauer,  Samuel  M.  Goodman,  and  Charles  W.  Kiser. 

August  6 — Public  informed  that  Upper  Mad  Reservoir  would  be  omit- 
ted, Huffman  Dam  raised,  and  Village  of  Osborn  bought  outright  by  the 
district. 

August  7 — Contract  let  for  constructing  of  Conservancy  Building. 

August  10 — Petition-in-error  filed,  Case  No.  115,  County  of  Miami  et  al. 
vs.  Edward  Deeds  et  al.  questioning  legality  of  eliminating  Logan  County. 

August  12 — Ground  broken  for  Conservancy  Building. 

August  30 — General  H.  M.  Chittenden  arrived  in  Dayton  to  go  over 
Rood  control  plans. 

September  25 — Arthur  E.  Morgan  returned  to  work  after  long  illness. 

December  18 — Motion  filed  by  directors  of  the  district  in  court  of  ap- 
peals to  dismiss  error  proceedings  taken  by  objectors  to  establishment  of 
district,  see  August  10,  1915. 

December  20 — Court  of  appeals,  meeting  in  Dayton,  heard  arguments 
on  motion  of  directors  to  dismiss  the  error,  proceedings  taken  by  the  ob- 
jectors to  the  establishment  of  the  district,  Judges  Ferneding,  Alread,  and 
Kunkle  on  bench,  see  December  18,  1915. 

CHRONOLOGY  OF  EVENTS  DURING  YEAR  1916 

January  1 — Conservancy  Building  opened  for  inspection. 

January  2 — Miami  River  reached  14-foot  stage  at  Dayton. 

January  7 — District  offices  moved  from  City  National  Bank  Building 
into  Conservancy  Building. 

January  21 — Court  of  appeals  overruled  motion  of  directors  to  dismiss 
error  proceedings  taken  by  objectors  to  establishment  of  district,  see  De- 
cember 18  and  20,  1915. 

January  31 — Miami  River  reached  14.8-foot  stage  at  Dayton. 

February  11 — Contract  with  State  of  Ohio,  with  reference  to  Miami 
and  Erie  Canal,  completed  by  Superintendent  of  Public  Works,  approved 
by  the  Attorney  General  and  the  Governor. 

February  17 — Professor  Louis  Mitchell,  of  Syracuse  University,  re- 
ported to  Mayor  and  Council  of  Tippecanoe  City  on  plans  of  the  district 
affecting  Tippecanoe  City.    Only  minor  changes  were  recommended. 

February  23 — Court  of  appeals  granted  request  of  objectors  to  Miami 
Conservancy  District  for  transfer  of  error  proceedings  to  judges  of  another 
district  for  determination.  Case  assigned  to  Fifth  District  Court,  Judges 
Shields,  Powell,  and  Houck. 

February  29 — Report  of  Chief  Engineer  Arthur  E.  Morgan,  filed  with 
the  directors  of  the  district.     Report  printed  for  public  distribution. 

February  29 — Delegation  of  about  sixty  citizens  from  Franklin,  includ- 
ing village  and  township  officials,  came  to  Dayton  to  examine  flood  control 
plans.    Officials  of  the  district  explained  the  proposed  work. 

February  29 — Directors  of  the  district  entertained  newspaper  men  of 
Miami  Valley  at  Miami  Hotel,  Dayton,  and  explained  chief  engineer's  plan 
and  arrangements  for  publication. 

March  1 — Filing  of  completed  plan  advertised  in  newspapers  of  all 
counties  in  the  district. 

March  2 — Report  of  chief  engineer  fully  described  in  newspapers  of  the 
valley. 
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March  10 — Anti-conservancy  committees,  county  commissioners,  and 
prosecuting  attorneys  of  Shelby,  Clark,  and  Miami  Counties  met  in  Troy  to 
consider  plans  for  fighting  the  flood  control  plan  of  the  district.  John  W. 
Hill  employed  as  engineer. 

March  13 — Mass  meeting  held  at  Tippecanoe  City  to  discuss  plans  of 
the  district.  Officials  of  the  city  and  the  district  present.  Mayor  Scheip 
presided. 

March  15 — Mass  meeting  held  at  Tippecanoe  City  at  which  resolutions 
were  adopted  objecting  to  plans  of  the  district. 

March  17 — Middletown  City  Commission  appointed  a  citizens'  commit- 
tee of  seven  men  to  investigate  plans  of  the  district  as  follows:  G.  M. 
Verity,  D.  Eppelsheimer,  Harry  Duane,  C.  T.  Thompson,  Robert  Kaser,  V. 
C.  Hatfield,  and  B.  F.  Harwitz. 

March  17 — Mass  meeting  held  at  Tippecanoe  City  at  which  W.  L. 
Silvey  spoke  in  opposition  to  the  plans  of  the  district. 

March  20 — Piqua  City  Council  adopted  resolution  objecting  to  plans  of 
the  district. 

March  21 — Troy  City  Council  defeated  resolution  objecting  to  plans  of 
the  district. 

March  23 — Miami  County  Commissioners  adopted  resolutions  object- 
ing to  plans  of  the  district. 

March  25 — Shelby  County  Commissioners  filed  objections  against  the 
plans  of  the  district. 

March  29 — Petition-in-error,  Case  No.  115,  argued  before  5th  Circuit 
Court  of  Appeals,  and  submitted.  Judges  Shields,  Powell  and  Houck  on 
bench,  see  August  10,  1915. 

April  8 — Mass  meeting  held  at  Piqua  by  anti-conservancy  citizens. 
Attendance  small. 

April  10 — Formal  hearing  to  consider  objections  to  the  proposed  flood 
control  plan  begun  at  Conservancy  Building  by  the  directors.  Objectors 
classified  according  to  locality,  and  dates  set  for  hearing  their  objections. 

April  13 — Mass  meeting  held  at  Piqua  by  anti-conservancy  citizens. 
Dr.  Gainor  Jennings  of  West  Milton  presided.  John  W.  Hill,  engineer; 
Mayor  E.  M.  Bell,  Percy  R.  Taylor,  Dr.  Van  S.  Deaton,  Martin  Quinlisk, 
Frank  M.  Sterrett,  and  others  spoke. 

April  13 — Tippecanoe  City  delegation  heard  by  the  directors. 

April  17 — Piqua  and  Troy  objectors  heard  by  the  directors. 

April  17 — Piqua  delegation  of  over  thirty  business  men  endorsed  the 
proposed  flood  control  plan  after  discussing  matter  for  a  large  part  of  the 
day  with  the  directors. 

April  29 — Court  of  appeals  of  5th  District  overruled  motion  on  petition- 
in-error,  see  March  29,  1916. 

May  10 — Directors  of  the  district  adopted  the  plan  submitted  by  the 
chief  engineer,  with  minor  revisions,  as  the  Official  Plan.  Printed  for  public 
distribution. 

May  22 — Wayne  Township,  Montgomery  County,  free-holders,  filed 
petition  for  the  establishment  of  the  Rip-Rap  Sub-District  of  The  Miami 
Conservancy  District. 

June  1 — Conservancy  court,  in  special  session,  postponed  the  hearing 
on  the  objections  to  the  official  plan  from  June  19  to  October  3,  1916. 
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July  17 — Prosecuting  attorneys  of  Miami,  Shelby  and  Clark  Counties, 
and  more  than  500  objectors,  filed  motion  with  supreme  court  to  set  aside  ^ 

the  decision  of  the  court  of  appeals,  see  April  29,  1916. 

July  20 — Rainfall  at  Hamilton  was  2.95  inches  in  an  hour. 

August  16 — ^John  W.  Hill  submitted  report  to  the  Commissioners  of 
Miami,  Shelby,  and  Clark  Counties  on  Flood  Protection  in  the  Great  Miami 
Valley. 

September  29 — Chief  Justice  Nichols  of  the  supreme  court  held  hearing 
in  Dayton  on  affidavit  charging  Judge  Mathers  of  Shelby  County  with 
prejudice  and  bias.  Judge  Mathers  was  permitted  to  remain  on  the  con- 
servancy court. 

October  3 — Conservancy  court  began  hearing  on  objections  to  official  ' 

plan. 

October  4-6— Conservancy  court  judges,  attorneys,  and  engineers  in- 
spected proposed  damsites  and  cities  where  improvements  were  to  be  made.  ^ 

October  30 — The  Ohio  Valley  Flood  Board,  composed  of  a  Board  of 
Officers  of  the  Corps  of  Engineers  of  the  U.  S.  Army,  submitted  to  the 
Chief  of  Engineers,  U.  S.  Army,  a  Report  on  Preliminary  Examination  of 
Miami  River,  Ohio.  This  report  was  submitted  by  the  Chief  of  Engineers 
to  the  Secretary  of  War  and  by  him  transmitted  to  Congress. 

November  24 — Conservancy  court  approved  official  plan  by  almost 
unanimous  vote. 

November  25 — Rip-Rap  Sub-District  organized. 

November  28 — Supreme  court  refused  to  review  the  decision  of  the 
court  of  appeals,  thereby  approving  the  elimination  of  Logan  County  from 
the  district,  see  April  29  and  July  17,  1916. 

November  28 — Opposition  filed  application  with  the  County  Clerk  for 
rehearing  on  the  official  plan. 

CHRONOLOGY  OF  EVENTS  DURING  YEAR  1917  ^ 

January  11 — Motion  for  rehearing  official  plan  overruled  by  conservancy  ' 

court,  see  November  28,  1916. 

February  21 — Citizens  of  Hamilton,  through  their  Chamber  of  Com- 
merce, gave  large  testimonial  dinner  in  honor  of  the  citizens  of  Dayton  as  ^ 
an  expression  of  appreciation  of  the  services  of  the  Dayton  Flood  Preven- 
tion Committee. 

March  — Bills  introduced  before  the  house  of  representatives  with  the 
purpose  of  repealing  or  seriously  modifying  the  conservancy  act  failed  to 
receive  favorable  action. 

May  9 — Appraisal  roll  filed  with  the  conservancy  court  and  in  the 
county  offices  of  each  county  in  the  district. 

June  13 — Louis  N.  Orr  filed  suit  in  the  United  States  District  Court 
against  the  directors  of  the  district  to  enjoin  them  from  borrowing  money 
on  warrants  and  from  levying  assessments  upon  his  real  estate  near  Piqua. 

June  14 — ^Judge  Hollister,  of  the  United  States  District  Court  at  Cin- 
cinnati, refused  to  grant  temporary  injunction  to  Louis  N.  Orr. 

June  18 — Conservancy  court  convened  to  consider  appraisal  roll.  Per- 
sonnel of  court:  Judge  C.  H.  Kyle,  Greene  County,  presiding;  Clarence 
Murphy,  Butler  County;  Walter  D.  Jones,  Miami  County;  Frank  W.  Geiger, 
Clark  County;  E.  T.  Snediker.  Montgomery  County;  Willard  Jurey  Wright,  ' 

Warren  County;  Otway  J.  Cosgrave,  Hamilton  County;  J.  D.  Barnes,  Shel- 
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by  County;  and  A.  C.  Risinger,  Preble  County.  A  docket  was  arranged  for 
hearing  objections  by  counties. 

July  19 — Court  of  appeals.  Judges  Powell,  Kunkle,  and  Alread,  aflfirmed 
decision  of  conservancy  court  on  oiHcial  plan  on  error  proceedings  insti- 
tuted by  I.  C.  Koehne. 

July  30 — Conservancy  court  filed  final  entry  on  exceptions  and  decree 
approving  appraisal  roll. 

August  10 — United  States  District  Court,  Judges  Warrington,  Cochran, 
and  Hollister,  upheld  constitutionality  of  Conservancy  Act  of  the  State  of 
Ohio  and  denied  application  of  Louis  N.  Orr  for  injunction  to  prevent  as- 
sessments. 

September  1 — Directors  of  the  district  levied  assessment  on  property 
in  the  district,  amounting  to  $27,804,480.64,  and  advised  property  owners,  by 
advertising,  that  assessments  could  be  paid  before  October  5,  1917,  thereby 
saving  interest  charges.  Assessment  duplicate  was  placed  on  file  at  the 
office  of  the  district  and  the  parts  for  the  various  counties  were  filed  at  the 
respective  county  offices. 

September  13 — District  began  advertising  in  the  leading  engineering 
and  contracting  journals  that  bids  would  be  received  on  November  15,  1917, 
on  twelve  contracts,  covering  the  five  dams  and  the  channel  improvement 
work  in  Dayton  and  Hamilton,  amounting  to  about  $10,000,000. 

October  9 — Brigadier  General  Hiram  M.  Chittenden,  consulting  engi- 
neer for  the  District,  died  at  Seattle,  Washington. 

November  A — Contract  for  construction  work  on  temporary  relocation 
of  Ohio  Electric  Railway  at  Huffman  damsite  awarded  to  M.  C.  Connors 
and  Company  of  Chicago.  Construction  began  a  few  days  after  award  was 
made. 

November  15 — Bids,  on  the  unit  price  basis,  on  the  twelve  contracts 
covering  the  five  dams  and  channel  improvements  at  Dayton  and  Hamilton, 
received.  Practically  all  of  the  bids  were  conditioned  and  in  every  case  ex- 
ceeded the  engineer's  estimate  due  to  war  conditions. 

December  3 — Contract  41,  Miami  River  channel  improvements  above 
Island  Park  dam,  Dayton,  awarded  to  McWilliams  Northern  Dredging  Com- 
pany of  Chicago.    All  other  bids  rejected  by  the  directors. 

December  3 — Directors  decide  to  handle  construction  work,  except 
Contract  41,  by  force  account. 

December  7 — Directors  employ  Mr.  C.  H.  Locher  as  construction  man- 
ager. 

December  6 — Secretary  of  Treasury  Wm.  G.  McAdoo  stated  that  he 
could  see  no  reason  for  objecting  to  the  bond  issue  of  the  district. 

December  3 — National  City  Company  of  New  York  City  and  other 
companies  underwrite  $15,000,000  bonds. 

December  10-14 — Conservancy  bonds  for  the  amount  of  $15,000,000 
placed  on  the  market. 

December  18 — Case  15,779,  Supreme  Court,  Ira  Chase  Koehne  vs.  The 
Miami  Conservancy  District.  Motion  to  dispose  with  printing  record  over- 
ruled and  case  dismissed. 

December  21 — Case  20,348,  Miami  Common  Pleas  Court,  Jos.  S.  B levins, 
Plaintiff,  vs.  The  Miami  Conservancy  District,  et  al.,  defendants.  Demurrer 
to  petition  sustained.    Decision  rendered  holding  that  the  conservancy  law 
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was  a  valid  law,  under  the  decision  of  the  supreme  court,  and  that  it  was 
too  late  for  any  person  to  question  its  validity  in  the  courts  of  this  state. 

CHRONOLOGY  OF  EVENTS  DURING  YEAR  1918 

February  19 — Case  15,686,  Ira  Chase  Koehne  vs.  City  of  Dayton,  Su- 
preme Court.  Court  held  that  the  Great  Miami  River  is  not  a  navigable 
stream. 

March  11 — Supreme  Court  sustained  the  motion  of  the  district  to  ad- 
vance the  case  of  Orr  vs.  Allen,  et  al.,  and  assigned  same  for  October  8, 
subsequently  changing  the  date  to  October  14,  for  oral  argument. 
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PREFATORY  NOTE 


This  volume  is  the  third  of  a  series  of  Technical  Reports  issued  in 
connection  with  the  planning  and  execution  of  a  notable  system  of 
flood  protection  works  in  the  Miami  Valley. 

This  valley,  which  forms  a  part  of  the  large  interior  plain  of  the 
central  United  States  and  comprises  about  4,000  square  miles  of  gently 
rolling  topography  in  southwestern  OhiO|  is  one  of  the  leading  industrial 
centers  of  the  country.  The  immense  damage  which  it  sustained 
during  the  flood  of  March,  1913,  amounting  to  100  million  dollars  of 
property  and  over  360  lives,  led  to  an  energetic  movement  to  prevent 
future  disasters  of  this  kind.  This  movement  developed  gradually 
into  a  great  cooperative  enterprise  for  the  protection  of  the  valley  by 
one  comprehensive  project.  The  Miami  Conservancy  District, 
established  in  June,  1915,  under  the  newly  enacted  Conservancy  Law 
of  Ohio,  became  the  agency  for  securing  this  protection.  On  account 
of  the  size  and  character  of  the  undertaking,  the  plans  of  the  district 
have  been  developed  with  more  than  usual  care. 

A  Report  of  the  Chief  Engineer,  submitting  a  plan  for  the  pro- 
tection of  the  district  from  flood  damage,  was  printed  March,  1916, 
in  3  volumes  of  about  200  pages  each.  Volume  I  contains  a  synopsis 
of  the  data  on  which  the  plan  is  based,  a  description  of  its  develop- 
ment, and  a  statement  of  the  plan  in  detail.  Volume  II  contains  a 
legal  description  of  all  lands  affected  by  the  plan.  Volume  III  con- 
tains the  contract  forms,  specifications,  and  estimates  of  quantities 
and  cost. 

After  various  slight  modifications  this  report  of  the  Chief  Engineer 
was  adopted  by  the  Board  of  Directors  as  the  Official  Plan  of  the 
District,  and  was  republished  in  May,  1916. 

In  order  to  plan  the  project  intelligently,  many  thorough  investi- 
gations and  researches  had  to  be  carried  out,  the  results  of  which  have 
proved  of  great  value  to  the  district  and  will  also  be  of  wide- 
spread value  to  the  whole  engineering  profession.  The  object  of 
publishing  this  series  of  Technical  Reports  is  to  make  available  to  the 
residents  of  the  state  and  to  the  technical  world  at  large,  all  data  of 
interest  relating  to  the  history,  investigations,  design  and  construc- 
tion of  the  project. 

The  following  reports,  prepared  by  the  engineering  staff  of  the 
district,  have  been  completed: 
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Part  I.    The  Miami  Valley  and  the  1913  flood. 

Part  II.     History  of  the  Miami  flood  control  project. 

Part  III.  Theory  of  the  hydraulic  jump  and  backwater 
curves.  The  hydraulic  jump  as  a  means  of  dissi- 
pating energy. 

Part  IV.     Calculation  of  flow  in  open  channels. 

Part  V.    Storm  rainfall  of  eastern  United  States. 

The  following  are  in  the  course  of  preparation : 

Rainfall  and  runoff  in  the  Miami  Valley. 
Laws  relating  to  flood  prevention  work. 
Flood  prevention  works  in  other  localities. 
Earth  Dams. 

Selection  of  general  type  of  improvement  and  design  of  retard- 
ing basin  system. 
Construction  of  protection  s3rBtem. 
Contracts  and  specifications. 

ARTHUR  E.  MORGAN, 
Chief  Engineer. 
Dayton,  Ohio, 

November  1,  1917. 
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THEORY  OF  THE  HYDRAULIC  JUMP  AND 

BACKWATER  CURVES 


SECTION  I.— INTRODUCTORY 

The  Hydraulic  Jump  and  the  Back  Water  Curve,  two  phenomena 
which  heretofore  have  been  but  imperfectly  understood,  became 
subjects  of  unusual  importance  in  connection  with  the  design  of  the 
flood  control  works  of  the  Miami  Conservancy  District.  It  was 
found  necessary  to  make  intensive  studies  covering  the  theoretical 
aspects  of  these  phenomena,  and  also  of  their  practical  application  to 
such  conditions  as  will  obtain  in  the  operation  of  the  dams  of  the 
District.  The  results  of  these  studies  are  set  forth  in  the  following 
pages,  the  theoretical  considerations  being  taken  up  first  and  the 
experimental  data  next. 

The  jump  is  to  be  utilized  in  destroying  the  kinetic  energy  of  the 
water  issuing  at  high  velocity  from  the  outlet  conduits,  and  hence  it 
was  necessary  to  establish  definitely  the  conditions  under  which  it 
occurs  and  the  means  for  its  control.  Not  only,  therefore,  was  the 
subject  given  a  careful  theoretical  study,  but  experiments  on  models 
were  also  carried  out  for  the  purpose  of  verifying  the  important 
conclusions. 

In  studying  this  subject,  the  hydraulic  theory  has  seemed  more 
than  usually  elusive.  Perhaps  the  most  frequent  error  in  hydraulic 
discussions,  in  general,  is  the  very  common  one  of  applying  a  law,  rule, 
or  formula  to  a  situation  where  it  does  not  hold.  Every  rule  in 
hydraulics  is  limited  in  its  application  to  a  definite  set  of  conditions 
outside  of  which  it  may  have  no  bearing  whatsoever.  This  tendency 
to  apply  a  perfectly  good  rule  or  formula  to  the  wrong  situation  is 
naturally  not  only  difficult  to  avoid  in  the  first  instance,  but  also  not 
easy  to  refute  by  argument  after  the  mistake  has  been  made. 

In  this  study  but  limited  help  was  received  from  the  published 
literatiu*e.  Only  scanty  attention  is  given  to  the  subject  in  the  com- 
mon text  books  and  authorities;  while  the  references  in  periodical  and 
specialized  literature  are  widely  scattered  and  sometimes  contain 
errors  of  the  sort  mentioned  above.  Although  the  phenomena,  as 
shown  later,  rest  almost  exclusively  upon  the  most  universally  recog- 
nized laws  of  mechanics  and  hydraulics,  the  difficulty  of  obtaining  a 
clear  and  convincing  statement  covering  them,  the  prevalence  of 
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errors  in  references  to  and  discussions  of  them,  together  with  their 
importance  in  this  particular  situatioUi  make  it  appear  desirable  to 
attempt  a  full  and  complete  exposition  of  the  whole  field. 

The  attempt  will  be  made  to  take  up  the  simplest  cases  first,  and 
to  proceed,  one  step  at  a  time,  to  the  most  complex  cases,  giving  a 
complete  explanation  of  each  step  together  with  physical  descriptions 
of  all  phenomena,  independent,  so  far  as  possible,  of  mathematical 
symbolism.  At  the  same  time  the  mathematical  treatment  will  be 
fully  given  or  indicated.  It  is  beUeved,  however,  that  it  is  entirely 
possible  to  gain  a  complete  understanding  of  all  the  physical  phe- 
nomena concerned,  without  following  through  any  compUcated  mathe- 
matical work.  Diagrams  are  used  freely  to  indicate  the  changes  in 
the  various  quantities. 

SECTION  n.— SUMMARY 

In  a  prismatic,  frictionless  open  channel  with  level  bottom  it  is 
impossible,  according  to  Bernouilli's  theorem,  for  a  moving  stream  of 
water  to  change  its  depth  of  flow.  An  apparent  exception  to  this 
rule  exists  when  the  flow  is  at  the  critical  stage,  that  is  when  V^  =  gD, 
or  when  V  =  gQ.  At  this  stage  the  velocity  head  equals  one-half 
the  depth,  and  according  to  the  theory,  change  would  be  possible. 
However,  as  soon  as  the  depth  is  varied  the  slightest  amount,  further 
change  becomes  impossible.  Hence,  practically,  the  critical  stage  is 
no  exception  to  the  general  rule. 

It  is  possible  to  produce  a  change  in  the  depth  of  flow,  or  in  the 
elevation  of  the  surface,  by  varjdng  the  cross  section,  either  by  giving 
the  bottom  an  inclination  or  slope,  or  by  changing  the  width.  Fric- 
tion produces  a  change  somewhat  analogous  to  a  negative  bottom 
slope. 

When  the  velocity  is  accelerated  by  the  conversion  of  pressure 
into  velocity,  it  is  impossible  for  internal  impact  to  occur  during  the 
transformation,  or  for  the  change  to  take  place  otherwise  than  in 
accordance  with  Bernouilli's  theorem.  When  the  change  takes  place 
in  the  reverse  direction,  however,  that  is,  when  the  velocity  is  being 
reduced,  internal  impact  is  likely  to  occur  and  can  be  prevented  only 
by  especial  care.  Any  such  internal  impact  destroys  kinetic  energy 
and  modifies  the  applicability  of  Bernouilli's  theorem. 

For  a  channel  open  to  the  air,  the  theory  of  one  such  method  of 
reducing  velocity  by  internal  impact  was  worked  out  by  the  French- 
man, Belanger,  in  1838.  The  striking  physical  phenomenon  which 
exists  in  such  a  case  seems  appropriately  denominated  the  hydratdic 
jump.  Belanger's  theoretical  analysis  of  this  phenomenon  seems  to 
have  been  abundantly  verified  by  numerous  experiments. 
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The  jump  can  occur  only  when  the  initial  velocity  is  greater  than, 
and  the  depth  of  flow  correspondingly  smaller  than,  the  values  for 
critical  flow.  The  jump  takes  place  across  the  critical  point  so  that 
the  depth  subsequent  to  the  jump  is  greater  than  the  critical  value. 
The  change  in  depth  is  definitely  determined  by  the  initial  values  of 
depth  and  velocity,  and  the  depth  subsequent  to  the  jump  is  given 
by  the  equation  

A  hypothesis  is  given  regarding  the  condition  existing  within  the 
jump,  which  suffices  to  account  for  the  possibility  of  its  existence. 

A  backwater  curve  is  defined  as  the  curve  taken  by  the  surface 
of  a  stream  of  water  in  which  all  changes  of  velocity  take  place  in 
accordance  with  Bemouilli's  theorem.  This  includes  the  effect  of 
ordinary  friction  where  the  retarding  force  produces  a  smoothly 
distributed  and  regular  effect,  but  excludes  cases  of  sudden  impact 
such  as  exist  in  the  hydraulic  jump. 

Neutral  depth  of  flow  in  a  channel  is  defined  as  the  depth  at  which 
the  bottom  slope  is  equal  to  the  slope  required  to  overcome  friction. 
It  is  the  depth,  therefore,  at  which  the  depth  and  velocity  may  remain 
unchanged;  or,  in  other  words,  the  depth  for  stable  uniform  flow. 

All  the  possible  backwater  curves  for  a  wide  rectangular  channel 
are  considered  in  detail.  Twelve  different  cases  are  distinguished 
according  to  the  relative  magnitude  of  the  critical  depth,  the  neutral 
depth,  and  the  actual  depth.  For  each  case  the  internal  conditions 
are  completely  analyzed  and  finally  a  typical  backwater  curve  for 
each  case  is  shown  plotted  accurately  to  scale  by  the  use  of  Bresse's 
tables  and  some  supplementary  calculations. 

The  application  of  backwater  curves  and  the  hydraulic  jump  to 
actual  conditions  is  shown  by  two  simple  instances  illustrating  transi- 
tion backwater  curves  and  the  necessary  existence  of  the  hydraulic 
jump  to  connect  two  backwater  curves  of  different  types. 

SECTION  m.— BERNOUILU'S  THEOREM  APPLIED  TO  A 

FRICTIONLESS  OPEN  CHANNEL 

Consider  first,  water  flowing  along  a  horizontal  rectangular  channel 
with  a  high  velocity,  and  that  by  a  smooth  gradual  enlargement  in 
the  cross  section  the  velocity  is  to  be  reduced.  Assume  that  the 
effect  of  friction  may  be  ignored.  Bemouilli's  theorem,  then,  states 
that  if  water  moves  in  such  a  stream  from  one  point  to  another  at  the 
same  level,  without  loss  of  energy  by  friction  or  impact,  the  sum  of 
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the  static  head  and  the  velocity  head  at  the  first  point  is  equal  to  the 
sum  of  the  same  quantities  at  the  second  point. 

Let  figure  1  represent  such  a  condition.  Suppose  the  original 
velocity  is  Vi  and  the  depth  Z>i.  If  the  channel  is  open  at  the  top 
the  static  head  at  the  point  A  ia  Di  and  the  velocity  head  is  V^I2g. 

Suppose  the  channel  to  be  of  uniform  width,  and  the  bottom  level. 
In  order  to  secure  the  gradual  smooth  enlargement  of  cross  section, 


FIG.  1.— DIAGRAM  ILLUSTRATING  FLOW  IN  AN  EXPANDING  TUBE. 
Constant  width,  level  bottom,  no  friction  or  impact.  The  ordinates  of  the 
curve  EPGH  represent  the  static  pressure  on  the  bottom  AM;  the  height  of  the 
curve  EFGH  above  the  straight  line  EH  represents  the  static  pressure  on  the  top 
EH;  and  the  distances  of  the  curve  EFGH  below  the  line  OL  represent  the  head 
corresponding  to  the  velocity  within  the  tube.  The  critical  conditions  of  flow  exist 
at  the  section  NP. 


suppose  a  rigid  top  to  be  added  to  the  channel  as  shown  from  E  to  H, 
rising  along  a  straight  line.  We  know  by  experience  that  if  the  angle 
is  not  made  too  great,  the  water  will  cling  to  the  inclined  plane  and 
as  the  cross  section  increases  the  velocity  will  be  smoothly  and  gradu- 
ally reduced,  as  exemplified  in  the  expanding  tube  of  the  Venturi 
meter.  At  some  point  as  B,  where  the  depth  has  increased  to  D  and 
the  velocity  has  decreased  to  V,  the  velocity  head  would  have  dimin- 
ished to  V^I2g. 

Since  the  quantity  of  water  flowing  past  each  point  is  the  same, 
let  Q  =  volume  of  water  per  foot  in  width  of  the  conduit,  then 


Q  =  ViDi  =  VD 


or 


7  = 


DiVi 
D 


(1) 


(2) 
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By  Bemouilli's  theorem  the  static  pressure  at  B  then  equals 

In  general,  this  pressure  at  B  would  not  exactly  equal  Z),  but  might 
be  something  greatier,  as  BG.  By  means  of  the  above  expression,  the 
static  pressure  corresponding  to  each  depth  can  be  easily  calculated 
for  given  conditions.  This  has  been  done  for  figure  1,  which  has  been 
drawn  for  the  case  in  which  l)i  =  2.03  feet,  Vi  =  49.3  feet  per  second, 
whence  0=  DiVi  =  100  second  feet,  and  Viy2g  =  38  feet,  using 
g  =  32. 

The  resulting  static  pressures,  when  plotted  above  the  base  AM, 
give  the  curve  EFGH.  This  curve,  which  crosses  the  surface  of  the 
water  at  E  and  H,  indicates  relations  of  great  fundamental  importance 
which  should  be  carefully  noted.  At  E  the  static  pressure  on  the 
bottom  is  exactly  that  due  to  the  depth  of  water  AE.  As  soon  as  the 
velocity  is  reduced  and  part  of  the  velocity  head  is  thus  converted 
into  pressure,  the  pressure  on  the  bottom  is  greater  than  that  due  to 
the  depth  of  the  water  alone.  Thus  at  P  the  pressure  is  that  caused 
by  a  head  FP.  This  means  that  at  the  point  N  there  is  a  pressure 
against  the  upper  bounding  surface  of  the  water  equal  to  that  caused 
by  a  head  FN.  If  a  small  piezometer  tube  should  be  inserted  through 
the  upper  surface  at  N,  the  water  would  rise  in  it  to  the  level  of  F. 
This  pressiu^e  tends  to  burst  the  cover  oflf  the  conduit.  The  curve 
EFGH  is  really  the  hydraulic  grade  line  through  the  expanding  section. 

This  interior  bursting  pressure  against  the  upper  surface  begins 
with  zero  at  E  and  gradually  increases  until  it  reaches  a  maximum 
value  such  as  FN  at  N.  From  this  point  onward  it  gradually  decreases 
until  it  again  reaches  zero  at  H,  where  the  pressure  on  the  bottom  M 
is  again  exactly  that  caused  by  the  depth  of  the  water. 

As  the  velocity  decreases  between  E  and  iV,  the  corresponding 
diminution  of  velocity  head  is  more  than  enough  to  raise  the  water 
along  the  rigid,  slanting,  upper  boundary  surface,  and  hence  there 
is  an  accumulation  of  excess  static  pressure.  As  the  velocity  decreases 
from  N  to  H,  the  gradual  conversion  of  velocity  head  into  pressure  is 
not  sufficient  to  raise  the  water,  and  hence,  the  previous  accumulation 
of  pressure  is  gradually  drawn  upon  in  raising  the  surface  to  higher  and 
higher  elevations. 

If  the  whole  apparatus  is  open  to  the  air,  the  water  at  H  would 
no  longer  follow  the  upper  slanting  surface  but  would  break  loose  and 
flow  away  with  level  surface  from  this  point.  If  the  air  were  excluded 
by  suitable  means  beyond  the  point  H,  it  might  be  possible  to  have 


16  MIAMI  CONSERVANCY  DISTRICT 

the  upper  water  surface  continue  to  cling  to  the  slanting  face,  in  which 
case  the  water  beyond  H  would  be  under  a  vacuum,  increasing  in 
intensity  the  farther  the  expansion  of  cross  section  is  continued. 

The  gradual  variation  of  pressure  along  EH  is  obviously  reasonable 
from  the  following  considerations.  For  a  given  small  change  in  cross 
section,  the  change  in  velocity  near  E  wiU  be  much  greater  than  near  H. 
Again,  since  the  velocity  head  is  proportional  to  the  square  of  the 
velocity,  for  a  given  change  in  velocity,  the  change  in  velocity  head 
will  be  greater  as  the  velocity  itself  is  greater.  To  illustrate,  the 
difference  between  the  squares  of  101  and  100  is  201,  while  the  differ- 
ence between  the  squares  of  11  and  10  is  only  21.  That  is,  a  change 
of  one  foot  in  a  velocity  of  100  would  have  about  20  times  as  much 
effect  on  the  velocity  head  as  a  change  of  one  foot  in  a  velocity  of  10. 
For  both  of  these  reasons,  then,  the  pressure  changes  most  rapidly 
at  E. 

The  cross  section  at  which  the  upward  pressure  on  the  surface  EH 
is  a  maximum,  shown  on  figure  1  at  NPy  is  of  particular  interest.  At 
this  place  a  tangent  to  the  curve  at  F  is  parallel  to  the  water  surface 
at  N,  and  the  change  of  velocity  head  is  just  sufficient  to  produce  the 
change  in  elevation  of  water  surface,  so  that  there  is  neither  accumula- 
tion nor  reduction  of  pressure.  On  account  of  this  peculiar  balance 
between  velocity  head  and  depth,  this  particular  section  may  be  said 
to  mark  a  critical  point  or  a  condition  of  critical  flow.  We  shall  find 
hereafter  that  this  critical  point  appears  in  numerous  important  rela- 
tions. Let  the  subscript  c  denote  values  at  the  critical  point.  From 
the  value  in  equation  3,  it  is  easily  proved  by  the  differential  calculus 

that  

F.  =  ^^c  =  ^  (4) 

and 

When  Q  =  100,  g  =  32,  De  =  6.79  feet,  Vc  =  14.7  feet  per  second. 

From  equation  4  it  may  be  easily  shown  that  at  the  critical  point 
the  velocity  head  is  one-half  the  depth.  This  leads  to  a  convenient 
definition  or  physical  picture  of  the  condition  of  critical  flow.  In 
any  rectangular  channel  critical  flow  exists  when  the  velocity  head  is 
one-half  the  depth  of  the  moving  stream.  Thus  in  figure  1  at  P  the 
velocity  head,  represented  by  the  vertical  distance  from  F  to  the 
horizontal  axis  OL,  is  equal  to  one-half  the  depth,  NP. 

But  little  further  discussion  of  figure  1  is  necessary.  The  curve 
EFGH  has  as  asymptotes  the  straight  lines  OL  and  OK,  The  upper 
surface  of  the  water  EH  need  not  follow  a  straight  line.    Any  smooth 
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curve  would  do.  The  curve  EFGH  would  change  correBpondingly  in 
shape  but  would  have  the  same  properties  as  enumerated  above,  and 
would,  for  each  depth  of  flow,  be  at  the  same  distance  above  the  water 
surface,  as  in  the  case  of  the  straight  top. 

The  depths  at  E  and  H  always  have  a  definite  relation  to  each 
other  because  at  these  two  points  the  sum  of  the  depth  and  the  velocity 
head  is  the  same. 

Let  Z>i  »  depth  at  jS     • 

Dt  =  depth  at  H 


Then 


^  +  Z)..^  +  i).  (6) 


Substituting  for  velocities  their  values  in  terms  of  Q,  and  transposing 

0»         Q* 


2flfDi»      2gD 

Q^D^-  Z)i» 
2ff     Dt*Di 


i  =  D,  -  A 


Dividing  through  by  Dt  —  Di,  and  substituting  Df  for  Q^jg 

^'      Di  +  Dt  ^^^ 


If  the  values  of  any  two  of  the  depths  are  given,  the  value  of  the  third 
can  readily  be  obtained.  The  equation  is  synmietrical  in  Z>i  and  Dt. 
When  Di  equals  Dc,  Ds  will  also  equal  De.  When  Di  is  less  than  De, 
D2  must  be  greater  than  De,  and  vice  versa.  On  figure  2  is  plotted 
the  graph  of  equation  7  f or  Q  =  100  and  De  —  6.79. 

In  equation  7,  if  a?  be  substituted  for  Di/Dc,  and  y  for  Dt/Dc,  the 
equation  becomes 

x  +  y-2  ^^^ 

The  graph  of  this  equation  is  shown  on  figure  3. 

The  method  described  above  is  not  the  only  device  by  which 
theoretically  the  depth  of  water  flowing  in  the  rectangular  channel 
may  be  varied.  Suppose  that  instead  of  the  rigid  top  applied  to  the 
conduit  as  shown  in  figure  1,  the  bottom  be  raised  on  a  gradual  ascent 
as  shown  in  figure  4.  The  water  will  then  flow  up  the  incline  as 
indicated  in  the  figure.    As  the  water  rises  from  E,  some  of  the  initial 
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FIG.  2.-PLAT  OF  EQUATIONS  7  AND 

12. 
DiBcharge  100  Becond  feet,  critical  depth  6.79 

feet. 


FIG.  3.-PLAT  OF  EQUATIONS  8  AND 


13. 
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kinetic  energy  will  be  consumed  in  lifting  the  water.  At  first  when 
the  water  has  a  high  velocity,  sufficient  energy  can  be  supplied  with 
but  a  slight  decrease  in  velocity.  Hence  on  the  lower  part  of  the 
slope  the  depth  will  increase  very  slowly.    But  as  greater  heights  are 
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-DIAGRAM    ILLUSTRATING   FLOW   IN   AN   OPEN   CX)NDUIT 

OF  CONSTANT  WIDTH. 


No  friction  or  impact.  The  profile  of  the  bottom  is  that  necessary  to  ndse  the 
surface  of  the  water  on  the  uniform  slope  E0\  that  is,  the  decrease  in  velocity  head 
accompanying  the  increase  in  depth  is  just  sufficient  to  ndse  the  water  along  the 
line  EO,    The  critical  conditions  of  flow  exist  at  the  section  NP. 


reached  it  requires  increasingly  greater  changes  in  velocity  to  supply 
the  required  energy,  and  hence  the  depth,  which  varies  inversely  as 
the  velocity,  changes  more  rapidly. 

When  the  water  reaches  the  section  iVP,  the  depth  must  increase 
at  the  same  rate  as  the  surface  rises.  Hence  at  this  section  the  bottom 
must  be  level  and  the  depth  is  the  critical  depth  previously  described 
and  shown  at  iVP  in  figure  1.  For  Q  =  100  and  g  =  32,  this  critical 
depth.  Do  ==  6.79  feet.  As  stated  before,  at  this  critical  point,  the 
velocity  head  is  one-half  of  Dc. 

In  order  that  the  surface  may  rise  as  the  water  flows  beyond  this 
section,  the  bottom  must  descend  as  indicated  in  figure  4,  which  is 
drawn  to  scale.  If  the  depth  becomes  infinite,  so  that  the  entire 
kinetic  energy  may  be  converted  into  head,  the  surface  may  rise  to  0 
as  a  maximmn  limit. 

The  bottom  need  not  follow  exactly  the  curve  shown.  If  it  follows 
any  smooth  curve  rising  to  the  same  maximum  height  P,  the  water 
surface  will  follow  a  corresponding  curve  having  for  each  elevation 
the  proper  height  above  the  bottom. 
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A  third  method  might  be  used  to  raise  the  water  by  converting 
velocity  fiead  into  pressure  head.  If  the  bottom  of  the  conduit  is 
kept  level  as  in  figure  1,  but  if  the  sides,  instead  of  remaining  parallel 
to  give  a  uniform  width  to  the  channel  as  in  that  diagram,  are  made 
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FIG.   6.— DIAGRAM   ILLUSTRATING   FLOW   IN   AN   OPEN   CONDUIT 

OF  VARIABLE  WIDTH. 

Bottom  level,  no  friction  or  impact.    The  variation  in  width  is  that  necessary 
to  raise  the  water  surface  on  a  uniform  slope. 

to  approach  each  other  and  then  diverge,  any  desired  rate  of  change 
of  the  velocity  head  may  be  secured.  Figure  5  shows  the  variation 
in  width  necessary  to  secure  a  uniform  slope  to  the  water  surface. 
The  minimum  width  RS  is  only  0.13  of  the  original  width  AG.  At 
the  section  of  minimum  width  the  depth  of  water,  NP,  is  26.66  feet 
and  the  velocity  is  29.2  feet  per  second.  Figure  5  is  drawn  to  show  a 
conduit  whose  original  width  AG  is  20  feet.  Otherwise  it  is  on  the 
same  scale  as  figures  1  and  4.  The  curves  showing  the  variable  width, 
if  prolonged  would  be  asymptotic  at  the  two  ends  to  the  straight 
lines  AG  and  OK,  Any  other  curves  having  the  same  minimum 
opening  RS  would  do  as  well.  The  only  difference  would  be  that  the 
rising  surface  of  the  water  would  not  be  a  plane  but  a  curved  surface. 
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So  far  we  have  been  discussing  a  theoretical  condition  of  flow^ 
having  assumed  that  there  is  no  friction  or  loss  of  energy  by  impact. 
How  far  does  this  represent  or  approximate  conditions  as  they  may 
exist  in  actual  flow  of  water?  This  is  an  important  matter  to  deter- 
mine, and  fortunately  our  knowledge  of  hydrauUc  phenomena  enables 
us  to  go  a  certain  distance  in  answering  this  question.  In  the  first 
place,  it  is  to  be  remembered  that  of  the  three  distinct  methods  for 
converting  velocity  into  head,  described  above  and  illustrated  in 
figures  1,  4,  and  5,  any  two,  or  all  three,  may  operate  together  without 
conflict.  Surface  friction  in  absorbing  energy  in  one  sense  is  compar- 
able to  a  rising  slope  of  the  conduit  bottom,  similar  to  that  of  the  left- 
hand  portion  of  figure  4.  Hence,  if  the  amount  of  friction  is  known, 
or  is  susceptible  of  estimate,  it  may  be  allowed  for  by  the  method  of 
combining  figure  4  with  the  other  processes. 

Impact  is  not  so  easily  disposed  of.  In  most  hydraulic  operations 
it  is  desired  to  avoid  the  occurrence  of  impact  entirely.  If  it  occurs 
it  is  likely  to  introduce  at  once  an  element  of  extreme  variability  and 
uncertainty,  not  susceptible  of  accurate  prediction  or  calculation 
except  in  certain  cases.  Hence  the  present  question  with  us  may  be 
considered  to  be,  with  how  great  assurance,  or  with  what  certainty, 
may  we  assume  that  impact  may  be  avoided  in  velocity  transforma- 
tions. 

Impact  does  not  occur  in  a  flowing  stream  in  which  the  velocity  is 
being  accelerated,  that  is,  in  the  condition  in  which  pressure  or  static 
head  is  being  converted  into  velocity.  But  under  the  reverse  condi- 
tion of  converting  velocity  into  pressure,  there  seems  to  be  an  inherent 
tendency  for  impact  to  occur  with  a  corresponding  decadence  of 
kinetic  energy  into  heat.  This  tendency  is  often  so  strong  that  it  is  a 
matter  of  extreme  difficulty  to  overcome  it.  Thus,  while  mathe- 
matically velocity  and  pressure  are  mutually  interchangeable  or  con- 
vertible by  a  simple  relation,  in  applying  this  relation,  we  have  to 
remember  that  it  is  another  law  of  nature  that  the  change  from 
pressure  to  velocity  occurs  naturally  and  readily  (voluntarily,  as  it 
were),  while  the  reverse  change  from  velocity  to  pressure  can  only 
be  secured  against  obstacles,  almost  as  though  the  water  were  animated 
by  a  desire  to  avoid  the  change,  and  would  avoid  it,  if  any  way  were 
open  for  it  to  do  so. 

With  this  in  mind,  the  methods  shown  in  figures  1,  4,  and  5,  may 
be  compared.  Experience  shows  that  by  figure  1,  it  is  comparatively 
easy  to  secure  the  results  desired.  The  water  confined  on  all  sides 
cannot  escape  the  transformation.  By  figure  4,  the  change  is  much 
more  difficult.  The  water,  being  open  at  the  top,  has  a  direction  of 
possible  motion  and  a  source  of  disturbance  difficult  to  control.    The 
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place  of  particular  danger  is  at  N,  the  surface  of  the  water  when 
flowing  at  the  critical  depth.  At  this  particular  place  there  is  no 
longer  any  restraint  which  compels  the  surface  to  take  any  particular 
direction.  It  could  take  any  other  slope,  even  a  vertical  one,  so  far 
as  the  mathematical  theory  goes.  Being,  then,  in  this  state  of  unstable 
equilibrium,  a  very  slight  disturbance  may  suffice  to  modify  seriously 
its  motion.  One  result  of  such  a  disturbance  would  be  to  start  a 
hydraulic  jump,  to  be  discussed  later,  which  might  end  in  an  entirely 
new  condition  of  flow. 

Figure  5  shows  the  same  condition  of  instability  at  the  section  of 
critical  flow  RS.  This  method  would  probably  be  more  difficult  to 
adjust  even  than  that  of  figure  4. 

It  is  interesting  to  note  that  if  the  direction  of  flow  is  reversed, 
so  that  the  velocity  is  constantly  increasing  instead  of  decreasing, 
all  three  methods  would  work  equally  well,  and  a  choice  between 
them  would  be  indifferent.  In  fact,  any  device  approaching  these 
curves  would  yield  results  following  the  mathematical  theory  without 
danger  of  impact. 

If,  on  the  other  hand,  the  flow  is  from  left  to  right  as  shown  in 
figures  1,  4,  and  5,  it  is  impossible  for  the  depth  to  increase  in  the 
absence  of  friction  or  impact  except  by  means  of  some  such  agency 
as  those  illustrated.  If  the  channel  is  of  imiform  width,  with  level 
bottom,  open  at  the  top,  and  frictionless,  it  is  impossible  for  the  depth 
of  flow  to  increase  in  general  except  by  a  form  of  impact  which  will 
next  be  discussed.  The  exception  is  the  limited  amount  of  possible 
variation  in  the  immediate  vicinity  of  the  critical  depth. 

SECTION  IV.— THE  HYDRAULIC  JUMP 

When  a  shallow  stream  moving  with  a  high  velocity  strikes  water 
of  sufficient  depth  there  is  conamonly  produced  a  striking  phenomenon 
which  has  been  appropriately  called  the  hydravlic  jump*  It  consists 
of  an  abrupt  rise  in  the  surface  in  the  region  of  impact  between  the 
rapidly  moving  stream  and  the  more  slowly  moving  wall  of  water, 
accompanied  by  a  great  tumbling  of  the  commingling  water,  and  the 
production  of  a  white  foamy  condition  throughout  the  moving  mass. 
Under  suitable  conditions  this  hydraulic  jump  remains  steadily  in  one 
position.  The  surface  at  the  beginning  of  the  abrupt  rise  is  constantly 
falling  against  the  oncoming  stream  moving  at  high  velocity,  and 
farther  along  in  the  jump,  masses  of  water  are  continually  boiling  to 
the  surface  from  greater  depths.  So  much  foam  is  produced  that  some 
time  must  elapse  before  it  can  all  rise  to  the  surface  and  the  water 
again  become  clear.  This  phenomenon  is  constantly  illustrated  in 
the  surf  of  the  sea-shore. 
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The  correct  mathematical  theory  of  the  hydraulic  jump  was 
apparently  first  worked  out.  by  the  Frenchman,  Belanger,  in  1838. 
It  was  copied  in  Bresse's  "Coura  de  M^canique  Appliqu^,"  published 
ID  Paris  in  1860;  in  the  article  on  Hydrodynamics  by  W.  C.  Unwin 
in  the  ninth  edition  of  the  Encyclopedia  Britannica  about  1880  and 
in  subsequent  editions;  it  is  given  in  the  article  by  A.  H.  Gibson, 
entitled  "The  Formation  of  Standing  Waves  in  an  Open  Stream," 
Paper  No.  4081,  Minutes  of  Proceedings  of  The  Institution  of  Civil 
Engineers,  Vol.  CXCVII,  Session  1913-1914,  Part  III;  and  is  quoted 
in  ^  discussions  accompanying  the  paper  of  E.  R.  Kennison,  entitled 
"The  Hydraulic  Jump  in  Open  Channel  Flow  at  High  Velocities," 
published  in  Volume  UCXX  of  the  Transactions  of  the  American 
Society  of  Civil  Engineers,  1916. 

The  theory  of  the  hydraulic  jump  may  be  concisely  stated  as 
follows : 

Let  abfe,  figure  6,  represent  a  mass  of  water  moving  through  a 
hydraulic  jump.    In  a  short  interval  of  time  it  is  supposed  to  move 


no.  6.— DUGRAMMATIC  LONGITDDINAL  SECTION  THROUGH  A 
HYDRAULIC  JUMP. 

to  the  position  cdhg.  The  hydraulic  jump  has  the  following  char- 
acteristics: 

(a)  The  water  entering  at  db  has  a  nearly  uniform  steady  high 
velocity  and  is  transparent. 

Cb)  The  water  leaving  at  gh  has  a  fairly  uniform  but  relatively  low 
velocity  and  is  transparent. 

(c)  Between  c  and  e  the  surface  rises  rapidly  and  is  much  disturbed 
by  spraying  and  spattering.  Much  of  the  surface  water  appears  to 
be  moving  down  the  slope.  The  whole  mass  is  so  milky  as  to  suggest 
the  presence  of  much  internal  impact.  The  milky  condition  of  the 
water  reduces  its  specific  gravity  and  accordingly  the  surface  at  the 
top  of  the  rise  is  above  the  normal  level,  but  as  soon  as  all  the  air 
bubbles  reach  the  surface,  so  that  the  water  is  again  transparent,  the 
surface  becomes  smooth  and  level. 

The  moving  mass  of  water  loses  much  momentum  in  passing  from 
the  position  abfe  to  the  position  cdhg.    According  to  Newton's  Second 
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Law  of  Motion  the  rate  of  loss  of  momentum  must  be  equal  to  the 
unbalanced  force  acting  on  the  moving  mass  to  retard  its  motion. 

Against  the  face  ab  is  the  static  pressure  of  the  water  acting  towards 
the  right.  Opposed  to  this  force  are  the  static  pressure  acting  against 
the  face  ef  and  the  surface  friction  along  the  bottom  bf.  The  latter 
is  small  and  may  be  neglected. 

Let  Di  s  depth  of  stream  entering  hydraulic  jump^ 
Vi  =  velocity  of  same  stream, 
D%  =  depth  of  stream  leaving  hydraulic  jump, 
V%  =  velocity  of  same  stream, 
Do  =  depth  of  same  stream  at  critical  flow, 
Fe  =  velocity  at  critical  flow,  Ve*  =  gDe, 
Q  ss  quantity  in  second  feet  of  flow  per  unit  width  of  stream, 


Q  ^  ViDi  =  VtDt  =  VcDc  =  ^lgDc^ 

wQ 

Mass  of  water  flowing  per  second  =  —  , 

g 

Change  of  velocity  =  7i  —  7i, 

wQ 
Change  of  momentum  per  second  =  —  (Fi  —  Vi) 

Static  pressure  acting  on  face  ab  =  —s—  > 

J,      wD^ 
Static  pressure  actmg  on  face  ej  =  — g- . 

Therefore, 

Dividing  both  members  by  w(Dj  —  I>i), 

QVi  ^Di  +  Dt 
gDt  2 


(9) 


from  which  may  be  obtained 


2Q7, 


Dt*  +  DtDr  =  ^  (10) 
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or,  after  substituting  ViDi  for  Q, 

By  substituting  Q/Di  for  Vi  in  equation  10  we  get 

Z).2>,(^ii^  =  f  =  i>/  (12) 

a  graph  of  which  is  shown  in  figure  2. 

Dividing  through  by  Df,  and  substituting  x  and  y  for  their  equivalents 

xy{x  +  I/)  =  2  (13) 

The  graph  of  this  equation  is  shown  in  figure  3. 

Equation  12  shows  that  if  Di  =  D^  Ds  also  equals  Z>e.  The  equa- 
tion is  symmetrical  in  D\  and  D%.  If  Z>i  is  less  than  D^  D%  must  be 
correspondingly  greater  than  Dc,  and  vice  versa.  There  seems  to  be 
no  physical  phenomenon  corresponding  to  a  reversal  of  the  jump  in 
direction.  Therefore,  there  can  be  no  jump  unless  Z>i  is  less  than  De, 
and  the  jump,  when  it  occurs,  always  takes  place  across  the  critical 
depth.  As  already  illustrated  in  figure  4,  water  can  flow  at  depths  less 
than  the  critical  depth  without  necessarily  forming  a  jump.  This 
wUl  be  more  fully  discussed  later  in  connection  with  backwater  curves, 
where  the  conditions  determining  the  formation  of  a  jump  will  be 
fully  stated. 

The  above  demonstration  rests  upon  a  law  of  mechanics  as  well 
established  as  any  law  of  nature,  as  well  proved,  for  example,  as  the 
law  of  gravitation,  and  there  can  be  no  question  of  the  validity  of 
the  results.  In  the  hydraulic  jump  there  is  a  continuous  violent 
inelastic  impact  by  which  kinetic  energy  is  converted  into  heat. 

Facing  page  76,  in  the  following  paper  by  Biegel  and  Beebe,  is  a 
diagram  from  which  for  any  values  of  D\  and  Vi,  the  values  of  D^  and 
Vt  may  be  read  directly. 

SECTION  v.— EXPERIMENTAL  DATA  ON  THE  HYDRAULIC 

JUMP 

Measurements  of  the  hydraulic  jump  were  made  by  Bidone  about 
100  years  ago.  Similar  measurements  have  also  been  made  by 
numerous  later  experimenters  including  Bazin,  Ferriday,  Gibson, 
Biegel  and  Beebe.  These  are  all  described  in  the  following  paper  by 
Biegel  and  Beebe  entitled  ''The  Hydraulic  Jump  as  a  Means  of 
Dissipating  Energy,"  see  page  69. 
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SECTION  VI.— CONDITIONS  WITfflN  THE  JUMP 

It  has  been  shown  at  the  beginning  of  this  discussion  that;  if  water 
is  flowing  in  a  smooth  uniform  rectangular  channel  with  level  bottom, 
it  is  impossible  for  the  flow  to  change  to  a  different  depth,  in  accordance 
with  Bemouilli's  theorem,  except  under  the  critical  condition.  We 
have  shown  subsequently  that,  under  the  theory  of  inelastic  impact, 
apparently  the  depth  can  change  abruptly  from  a  value  less  than  the 
critical  depth  to  a  particular  related  value  greater  than  the  critical 
depth.  It  has  furthermore  been  abundantly  proved  by  experiment 
and  observation  that  such  a  phenomenon  does  actually  occur  in  nature, 
and  measurements  of  actual  velocities  and  depths  follow  closely  the 
theoretical  relation.  The  jump  thus  produced  takes  place  abruptly 
and  occupies  relatively  but  a  small  space,  but  the  change  in  the  jump 
from  the  initial  velocity  to  the  final  velocity  is  very  evidently  not 
exactly  instantaneous.  At  points  between  the  cross  sections  where 
the  initial  and  final  velocities  occur,  the  average  velocity  must  have 
intermediate  values.  At  first  glance  this  would  seem  to  contravene 
the  mathematical  theory  of  the  jump,  which  seems  to  preclude  any 
value  for  the  average  velocity  after  the  initial  value  except  the  calcu- 
lated final  one. 

On  account  of  the  imsteady  turbulence  of  the  water  it  seems  to 
be  impossible  to  secure  by  experiment  much  information  regarding 
the  condition  throughout'  the  jump.  Nevertheless,  it  seems  to  be 
incumbent  upon  us  to  attempt  some  rational  explanation  of  these 
intermediate  conditions  or  at  least  to  offer  some  plausible  hypothesis 
to  account  for  them.  This  may  also  furnish  suggestions  of  utility  in 
the  practical  control  and  use  of  the  jump. 

Following  the  method  used  previously,  let  figure  7  represent  a 
longitudinal  section  of  a  stream  of  water  passing  through  a  jump. 
If  we  assume  for  simplicity  that  the  surface  rises  along  the  straight 
line  EL,  then  at  any  cross  section  the  depth  will  be  known,  and  also 
the  average  velocity  which  varies  inversely  as  the  depth. 

Consider  the  forces  acting  on  the  mass  of  water  between  the  vertical 
sections  EA  and  NP.  In  passing  througli  this  distance  the  velocity 
is  reduced  from  Vi  to  V.  The  rate  of  decrease  of  momentum  requires 
an  unbalanced  horizontal  force  equal  to 


wQ 

g 


<y'-y^-f{k-h)-Mk-h) 


Neglecting  the  effect  of  friction,  as  before,  the  only  horizontal  forces 
acting  on  the  mass  ENPA  are  the  static  pressure  of  wD^I2  on  the 
face  EA  and  the  pressure  of  toZ>V2  on  the  face  NP. 
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In  order  that  these  forces  should  suiBSce  to  produce  the  assumed 
change  of  momentum  the  following  equation  would  have  to  be  satisfied : 


wD^     wD^ 


=  wD^ 


\Di     d) 


This  ia  the  same  equation  as  used  before  in  establishing  the  height  of 
the  hydrauUc  jump.    The  only  values  of  D  for  which  this  equation 


B         \A  P  M 

Di^AE^2.03  ft 
Q  =  100  sec.  ft  ^     AR^  130  fbs. 

V,^  49.3  ft  D2^ML'f6.37ft 

Dc"^  6.79  ft  MU  «  8580  lbs. 

FIG.  7.— DIAGRAM  ILLUSTRATING  PRESSURE  CX)NDITIONS  WITHIN 

A  HYDRAULIC  JUMP. 

The  static  pressure  against  any  vertical  cross  section  is  given  by  the  parabola 
BRTU;  the  total  pressure  requii^  to  check  the  velocity  is  given  by  the  hypeiv 
bola  ARU;  and  the  additional  pressure  required  to  check  the  velocity  between  the 
points  R  and  U  is  given  by  the  height  of  the  hyperbola  above  the  parabola,  being  a 
maximum  at  the  depth  for  critical  flow. 

can  be  true  are  Di  and  Dt.  These  relations  are  further  illustrated  in 
figure  7.  The  static  pressure  against  any  vertical  cross  section  is 
wD^/2.  This  pressure  is  represented  by  a  parabola  with  its  vertex 
at  B. 

At  the  cross  section  EA  this  pressure  is  represented  by  AR,  at 
the  cross  section  NP  by  PT,  and  at  the  cross  section  LM  by  MU: 
The  unbalanced  force  acting  against  the  mass  ENPA,  due  to  the 
different  static  pressures  on  the  faces  EA  and  NPy  and  available  to 
help  check  the  velocity  of  the  water,  is  represented  in  figure  7  by  the 
height  of  the  point  T  above  the  point  R.    Between  the  cross  sections 
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EA  and  LM,  this  unbalanced  force  or  difference  in  static  pressures  is 
less,  as  will  appear  later,  than  tjie  force  required  by  theory  to  produce 
the  necessary  reduction  of  velocity  at  all  the  intermediate  stages. 
Our  problem  then  is  to  discover  a  possible  and  reasonable  source  for 
an  additional  retarding  force  to  act  on  the  mass  ENPA  for  all  positions 
of  the  cross  section  NP  intermediate  between  EA  and  LM. 

The  first  step  is  naturally  to  obtain  the  magnitude  of  this  necessary 
force.  The  only  place  where  this  additional  force  can  act  is  against 
the  face  NP.  Let  P  equal  the  total  pressure  needed  by  theory  against 
the  face  NP.    Then 


P^^  +  y,D.. 


\Di     d) 


Considering  P  and  D  as  variables  this  is  the  equation  of  a  rect- 
angular hyperbola  whose  asymptotes  are  the  vertical  line  through  B 
where  D  is  zero,  and  the  horizontal  line  at  a  height  of 

wD^     wDl 
2    ^   Di 

above  the  floor  of  the  channel.  This  is  the  value  approached  by 
the  pressure  P  as  D  becomes  infinite.  This  hyperbola  is  drawn  in 
figure  7.  The  curve  crosses  the  parabola  previously  described  at  the 
points  R  and  U.  At  all  intermediate  points  the  height  of  the  hyper- 
bola above  the  parabola  represents  the  additional  force  necessary  to 
produce  the  requisite  decrease  in  velocity.  This  excess  is  greatest  at 
the  depth  for  critical  flow. 

An  inspection  of  the  hydraulic  jump  in  operation  suggests  the 
source  of  this  additional  force.  As  a  result  of  the  violent  impact  air 
in  large  quantities  becomes  mixed  with  the  water,  giving  it  a  striking 
milky  appearance.  Considering  this  intimate  mixture  as  a  homo- 
geneous substance,  its  density  is  less  than  that  of  water,  and  since  the 
air  displaces  some  of  the  water,  the  surface  stands  correspondingly 
higher  than  it  would  if  no  air  were  present.  At  such  a  cross  section, 
then,  as  NP  in  figure  7,  the  surface  would  stand  higher  than  N,  and 
the  pressure  against  the  cross  section  would  be  correspondingly 
increased. 

For  simplicity  and  convenience  of  discussion  let  us  assume  that 
in  any  cross  section,  such  as  NP,  the  air  is  mixed  uniformly  through- 
out the  whole  cross  section  so  as  to  produce  a  mixture  ^of  imiform 
density.  The  cross  section  will  then  be  made  up  partly  of  a  lace-like 
mass  of  water  and  partly  of  bubbles  of  air.  If  the  velocity  of  the 
particles  of  water  moving  across  the  section  NP  is  the  same  as  before, 
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the  total  water  surface  in  the  cross  section  is  unchanged  by  the  ad- 
mixture of  air.  The  height  of  the  cross  section  will  be  increased  in 
the  same  proportion  as  the  density  is  diminished,  and  the  unit  pressure 
on  the  bottom,  the  product  of  the  density  and  height,  will  therefore 
remain  the  same. 

Let  D  represent  the  depth  of  any  cross  section,  as  NP  in  figiure  7, 
on  the  assumption  of  pure  water,  and  D',  the  depth  at  the  same  cross 
section  on  the  hypothesis  of  a  uniform  mixture  of  air  and  water.  Then 
the  imit  pressure  at  the  bottom  of  the  channel  is  wD  and  the  total 
pressure  over  the  cross  section  would  be  wDD'/2. 

The  height  necessary  for  D',  in  order  to  yield  the  force  needed  to 
produce  the  assumed  change  of  velocity,  would  be  defined  by  the 
equation 


from  which 


If  we  let 


'VA      d) 


g=y,        g  =  fc,         and       |  =  x 


equation  14  becomes 


"-ii^+j-j)         »») 


This  equation  is  plotted  in  figure  8  for  various  values  of  k  ranging 
from  0.25  to  1.00.  Each  curve  has  a  maximum  value  of  y  given  by 
the  relation 


Vm^ 


i-^ir 


8 

and  the  corresponding  value  of  x  is  given  by 

4 


Xm  = 


**+! 


The  point  of  least  density  of  the  mixture  of  air  and  water,  or  the 
point  of  greatest  admixture  of  air,  is  given  by 


3 

X  =  — 


*'+i 


from  which  it  follows  that  this  value  of  x  can  never  exceed  unity. 
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Figure  8  shows  that  for  small  values  of  k  the  foamy  mixture  will 
rise  very  high  into  the  air.  This  tends  to  limit  the  use  of  extremely 
high  jumps^  by  rendering  the  jump  imstable  in  position  and  action. 


vic^'H-i) 


FIG.  8.— DIAGRAM  SHOWING  IDEAL  PROFILES  OF  THE 

HYDRAULIC  JUMP. 

Based  on  the  assumption  of  a  homogeneous  mixture  of  air  and  water  through- 
out the  jump.    Scale  is  such  that  D«  equals  unity. 


However,  in  the  experiments  of  Gibson  and  The  Miami  Conservancy 
District  described  in  the  succeeding  paper,  stable  jumps  were  secured 
when  the  value  of  A;  was  as  low  as  0.25. 
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SECTION  Vn.— BACKWATER  CURVES 

A  backwater  curve  may  be  defined  as  the  profile  of  the  surface  of  a 
stream  of  water  in  which  all  changes  of  velocity  take  place  in  accord- 
ance with  Bemouilli's  theorem.  In  special  cases  this  curve  may 
become  a  straight  line. 

We  shall  consider  only  the  case  of  steady  flow,  that  is,  that  con- 
dition in  which  the  flow  at  any  one  cross  section  remains  constant  in 
amount,  depth,  and  velocity.  For  the  existence  of  a  backwater  curve, 
except  in  the  special  cases  above  noted,  the  flow  is  non-uniform,  that 
is,  at  different  cross  sections  it  varies  in  depth  and  correspondingly  in 
velocity. 

It  is  not  unconmion  in  hydraulic  design  for  an  occasion  to  arise 
requiring  the  determination  of  backwater  curves,  and  hence  it  seems 
desirable  to  set  forth  a  method  of  deriving,  explaining,  and  classifying 
the  different  forms  which  the  curves  may  take.  The  theory  of  the 
backwater  curve  is  sometimes  considered  impossible  to  understand  ; 
but  it  is  more  complex  than  difficult.  By  sufficient  care  in  analysis 
every  step  can  be  made  perfectly  plain.  All  the  mathematics  used 
is  simple  except  in  one  or  two  steps,  and  in  these  places  one  entirely 
unfamiliar  with  higher  mathematics  can  understand  perfectly  the 
scope,  meaning,  and  nature  of  the  successive  steps,  even  if  he  lacks 
the  mathematical  facility  required  to  make  them. 

In  the  most  general  case  this  subject  is  much  compUcated  by  the 
large  number  of  independent  variables,  including  the  form  and  dimen- 
sions of  the  channel,  the  grade  of  the  bottom,  the  friction,  and  the 
quantity  of  water  flowing.  In  order  to  adhere  to  the  fundamentals 
of  the  subject,  we  shall  consider  only  a  rectangular  channel  whose 
width  is  uniform  and  so  great  in  comparison  with  the  depth  that  the 
hydraulic  radius  may  be  considered  equal  to  the  depth. 

It  has  been  shown  in  the  earlier  pages  that  if  such  a  channel  is 
frictionless  and  has  a  level  bottom,  in  general,  there  can  be  no  varia- 
tion in  depth  of  flow  or  in  velocity.  In  other  words,  there  can  be  no 
backwater  curve;  or  rather  the  backwater  curve  reduces  to  a  simple 
horizontal  straight  line,  the  special  case  noted  above.  In  order  to 
make  the  explanation  as  simple  and  orderly  as  possible  we  shall  first 
consider  all  the  possible  cases  for  a  frictionless  channel  whose  bottom 
is  on  a  grade,  and  then,  finally,  we  shall  introduce  the  effect  of  friction. 

The  notation  to  be  used  is  important.  Numerous  quantities  must 
be  lettered  and  given  a  name.  Most  of  these  quantities  reverse  in 
direction  in  different  cases,  rendering  necessary  a  careful  distinction 
between  positive  and  negative  values.  No  uniformity  exists  in  the 
notation  used  by  different  authors  and  apparently  every  system  that 
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can  be  devised  has  some  objections.  We  have  adopted  a  notation 
which,  although  peculiar  in  some  respects,  seems  to  correspond  best 
with  the  ordinary  language  used  in  describing  associated  hydraulic 
phenomena.  Since  all  the  mathematical  symbols  and  terms  used 
will  be  constantly  translated  into  ordinary  language  in  the  course  of 
the  discussions  this  correspondence  becomes  particularly  important. 

Just  as  in  the  first  part  of  this  paper  the  importance  of  the  change 
from  one  state  to  another  has  been  dwelt  upon,  so  here  our  chief  con- 
cern will  be  the  process  of  transition  from  one  condition  to  another. 
This  process  can  be  studied  only  by  comparing  one  state  with  the 
next  one  occupied,  or  by  tracing  the  nature  of  the  difference  between 
one  state  and  another  only  slightly  removed.  Two  such  adjacent 
conditions  are  said  in  mathematical  language  to  be  consecutine,  and 
to  differ  by  an  increment,  or  sometimes  by  a  differential.  It  is  the 
province  of  calculus  to  engage  exclusively  in  the  study  of  mathematical 
relations  of  consecutive  states.  Hence  it  seems  appropriate  to  adopt 
the  notation  universally  used  in  this  branch  of  mathematics.  To 
those  accustomed  to  the  operations  of  calculus  this  will  seem  perfectly 
natural.  To  others,  the  symbols  will  readily  become  familiar.*  For 
the  present  it  is  sufficient  to  say  that  the  amount  of  difference  between 
two  consecutive  values  of  any  variable  is  represented  by  writing  d 
before  the  letter  used  for  the  variable  quantity.  Thus,  y  will  be  used 
to  represent  the  depth  of  the  water  at  any  place  and  dy  will  represent 
the  change  of  y  between  two  places  closely  following  each  other,  or, 
in  other  words,  between  two  consecutive  places. 

SECTION  Vra.— NOTATION 

All  linear  quantities  are  measured  in  feet. 

Let  V  =  velocity  of  flowing  water,  considered  as  moving  in  the  + 
direction,  from  left  to  right. 

Q  =  volume  of  water  flowing  per  foot  of  width  of  channel.  In  all 
the  analytical  discussion  which  follows  this  is  imderstood  to  be  a 
definite  constant  quantity. 

*  Writers  of  text  books,  in  dealing  with  this  or  similar  subjects,  frequently 
resort  to  all  sorts  of  awkward  and  cumbersome  S3r8tems  of  lettering,  as  though  they 
were  afraid  to  use  the  calculus  notation,  although  they  have  to  use  the  ideas  and 
explanations  which  are  the  fundamentals  of  the  differential  calculus.  They  appear 
to  think  that  some  readers  may  be  frightened  away  by  the  calculus  symbols,  so  great 
a  bugbear  is  this  branch  of  mathematics  sometimes  considered.  The  writer  has  no 
sympathy  with  this  point  of  view.  With  just  a  little  explanation  the  meaning  of 
the  calculus  notation  can  be  made  perfectly  clear.  It  has  become  universally 
adopted  in  mathematical  texts  as  the  most  convenient  system  yet  devised.  Then 
why  not  fearlessly  use  it  in  all  engineering  writings  where  it  is  naturally  demanded, 
accompanjring  it  with  such  preliminary  explanation  as  may  seem  desirable? 
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I  =  length  of  channel. 

y  =  depth  of  water  flowing  in  the  channel  at  any  point. 

Vc  =  depth  of  critical  flow  as  previously  explained,  that  is,  gye^  =  Q^. 

yn  =  depth  of  neutral  flow.  As  will  be  more  fully  explained  later, 
this  is  the  depth  of  flow  for  a  given  quantity  of  water  at  which  the 
slope  of  the  bottom  is  equal  to  the  slope  required  to  overcome  friction. 
Water  at  this  depth  can  flow  imif ormly  for  any  length  with  its  surface 
a  straight  line  parallel  to  the  bottom  of  the  channel. 

h  =  elevation  of  water  surface  above  any  convenient  datum. 

k  =  velocity  head  corresponding  to  V,  or  2gk  =  F*. 

R  =  hydrauUc  radius,  and  in  the  present  discussion  R  =  y. 

S  =  slope  of  bottom.  This  will  be  arbitrarily  considered  positive 
for  a  downward  slope  towards  the  right. 

S'  —  slope  just  sufficient  to  maintain  V  and  y  constant,  or  the 
slope  required  to  overcome  friction.  This  may  be  called  the  neutral 
slope. 

C  =  friction  coefficient  in  the  Chezy  formula  V^  =  C^RS. 

dl  =  horizontal  distance  between  two  consecutive  cross  sections 
whose  relations  are  to  be  studied. 

dy  =  change  in  depth  between  two  consecutive  cross  sections. 
This  will  arbitrarily  be  taken  as  positive  when  the  depth  at  the  second 
or  right  hand  cross  section  is  less  than  at  the  other,  as  shown  in  figure 
9,  Case  I. 

dh  =  change  in  elevation  of  water  surface  between  two  consecutive 
cross  sections,  considered  as  *  positive  when  surface  is  falling,  figure  9, 
Case  I. 

db  =  change  of  elevation  of  bottom  between  two  consecutive  cross 
sections,  considered  as  positive  when  slope  is  downward,  figure  9, 
Case  I. 

dk  =  change  of  velocity  head  between  two  consecutive  cross  sec- 
tions, considered  as  positive  when  velocity  increases. 

df  =  head  required  to  overcome  friction  in  the  distance  dl,  con- 
sidered always  positive,  flow  towards  right. 

SECTION  IX.— FLOW  WITHOUT  FRICTION 

If  friction  is  so  small  that  it  may  be  ignored,  then,  in  accordance 
with  Bernouilli's  theorem,  for  every  change  in  surface  elevation  there 
must  be  an  equal  corresponding  change  in  velocity  head,  or 

cOi  ^  dk 

But  dk  also  depends  upon  the  change  in  velocity,  which  is  de- 
3 
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pendent  in  turn  upon  the  change  in  depth.    That  is, 


dk 
and 


-"(S)  ("' 


7  =  ^  (17) 

y  ' 


We  have  abeady  considered  to  some  extent  in  our  discussion  of 
figure  1  the  relation  between  changes  in  depth  of  flow  and  changes  in 
velocity  head.  In  that  figure  as  the  depth  increases  along  the  straight 
Une,  the  velocity  head  decreases  as  shown  by  the  curve  in  the  upper 
part  of  the  figure.  For  a  pair  of  consecutive  positions,  dy  and  dk 
are  indicated  in  figure  1.  In  accordance  with  the  arbitrary  convention 
adopted  above,  the  negative  sign  is  given  to  dy  because  the  depth  is 
increasing.  The  quantity  dk  is  negative  because  the  velocity  head  is 
decreasing.  In  discussing  figure  1,  it  was  shown  that  at  the  critical 
depth,  when  y  »  yc^  dy  and  dk  are  exactly  equal.  When  y  is  greater 
than  i/e,  dk  is  less  than  dy.  As  y  becomes  very  large,  dk  approaches 
zero  in  comparison  with  dy.  On  the  other  hand,  when  y  is  less  than  y^, 
dk  is  always  greater  than  dy\  and  the  smaller  y  becomes,  the  greater  is 
dk  in  comparison  with  dy.  All  these  relations  must  be  kept  in  mind 
during  the  subsequent  discussion.  The  exact  relation  between  dk 
and  dy  is  given  by  the  equation 


dk 


=  (^^)'dy  (18) 


This  equation  is  easily  derived,  by  the  rules  of  differential  calculus, 
from  equations  16  and  17  above.  By  using  sufficient  space  it  could 
be  here  derived  independently  but  this  does  not  seem  necessary,  since 
inspection  shows  that  it  agrees  with  the  relation  indicated  in  figure  1. 

Figure  9  illustrates  six  different  cases  of  non-uniform  flow  without 
friction  that  may  be  conceived  as  possible  and  that  should,  therefore, 
receive  consideration.  The  full  line  shows  the  water  surface  making  a 
different  angle  with  the  stream  bed  in  each  case.  In  the  first  three 
cases  the  slope  of  the  bottom  is  downward  or  positive,  in  the  other 
three  the  bottom  slope  is  upward.  In  Case  I,  the  surface  faUs  faster 
than  the  bottom.  It  is  convenient  to  think  of  this  as  the  typical  or 
normal  case.  In  Case  II,  the  surface  falls,  but  not  as  fast  as  the 
bottom;  in  Case  III,  the  surface  is  rising.  Cases  IV,  V,  and  VI  are 
similarly  distinguished. 

In  figure  9,  the  +  or  —  sign  is  shown  with  each  differential  to 
indicate  whether  the  numerical  quantity  represented  is  positive  or 
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Case  I 

Possible  only  when   y<yc 


L  Jr_>L 


Cose  III 
Possible  only  when  y>yc 


Case 
Never  possible 


Cose  IV 
Possible  only  when  y  >  y^ 


Case  V  Case  VI 

Never  possible  Possible  only  when  y  <  yc 

FIG.  9.— ILLUSTRATIONS  OF  ALL  CASES  OF  FLOW  WITHOUT 

FRICTION. 

For  each  case  dh  ^  db  -{- dy. 
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negative.    With  this  aid;  inspection  shows  that  the  equation 

dh  =  db  +  dy  (19) 

is  true  for  each  case. 

Remembering  the  relations,  previously  discussed,  between  dk  and 
dy,  equation  18,  and  that  dk  =  dh,  the  following  conclusions  may  be 
drawn: 

Case  I  is  possible  only  when  y  is  less  than  yc,  because  it  is  only 
under  these  circumstances  that  dy  is  less  than  dk. 

Case  II  is  impossible  because  dy  is  negative  and  dk  is  positive,  and 
hence  they  cannot  be  equal.  This  might  also  be  explained  by  saying 
that  if  the  surface  drops,  the  velocity  head  must  increase;  and  if 
the  depth,  y,  increases,  the  velocity  head  must  decrease;  but  these 
conditions  are  incompatible. 

In  Case  III,  the  absolute  numerical  value  of  dy  is  greater  than  that 
of  dh.    This  can  be  true  only  when  y  is  greater  than  yc. 

Cases  I  and  III,  therefore,  include  all  the  possible  states  of  flow 
for  a  downward  slope.  If  the  depth,  y,  is  greater  than  the  critical 
depth,  ye,  Case  III  obtains.  In  this  case  —  dy  iB  always  greater 
than  dh  by  the  given  constant  quantity  db.  But  the  nearer  y  ap- 
proaches to  ye,  the  nearer,  relatively,  dy  and  dh  must  agree  in  accord- 
ance with  equation  18,  that  is,  the  nearer  the  ratio  dh/dy  approaches 
to  unity.  The  only  way  in  which  both  these  conditions  can  be  satis- 
fied is  for  dh  and  —  dy  to  become  larger  and  larger  in  proportion  to  db, 
which  signifies  that  the  surface  slope  becomes  steeper  and  steeper. 
As  y  approaches  ye,  the  surface  slope  approaches  as  a  limit  a  condition 
of  verticality.  When  y  is  less  than  ye,  Case  I,  the  surface  slope  is 
downward  varying  from  verticality  toward  a  slope  parallel  to  the 
bottom  as  y  becomes  less  and  less. 

Case  IV  is  possible  only  when  y  is  greater  than  ye  because  dy  is 
greater  than  dh: 

Case  y  is  impossible  because  dy  and  dh  have  opposite  signs,  or 
because  the  surface  cannot  be  raised  and  the  velocity  head  increased 
at  the  same  time. 

Case  VI  is  possible  only  when  y  is  less  than  ye,  because  dh  must 
be  greater  than  dy. 

SECTION  X.— FLOW  WITH  FMCTION 

To  consider  the  effect  of  friction,  let  it  be  assumed  that  the  coef- 
ficient, C,  is  sensibly  constant  in  the  Chezy  formula, 

V*  =  C^S  (20) 
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for  steady  uniform  flow.  For  non-uniform  flow  the  above  formula  is 
not  correct,  but  we  may  write 

y»  =  C^S'  (21) 

in  which  S'  is  neither  the  slope  of  the  surface  nor  of  the  bottom,  but 
is  an  ideal  slope  which,  with  the  given  depth  and  velocity,  would 
overcome  friction  and  maintain  a  condition  of  uniform  flow. 

S'  may  be  called  the  neutral  slope  or  the  friction  slope  for  the 
given  depth  and  quantity. 

Then 

Some  value  of  y  will  make  S'  and  8  equal.  Call  this  yn^  Then  y^ 
is  the  depth  at  which  the  surface  would  remain  paraUel  to  the  bottom, 
or  it  is  the  depth  at  which  the  bottom  slope  is  equal  to  the  slope  re- 
quired to  overcome  friction.  Hence  it  may  be  called  the  netUral  depth, 
for  the  given  bottom  slope,  S,  and 

It  is  obvious  that  when  yn  —  y,  the  friction  slope,  S',  equals  the 
bottom  slope,  S;  when  yn  is  greater  than  y,  S'  is  greater  than  S;  and 
when  yn  is  less  than  y,  S'  is  less  than  8. 

In  a  short  length,  dl,  the  head  consumed  in  overcoming  friction, 
df,  will  be 

df  =  8'dl,  (24) 

and  this  quantity  is  always  positive. 

Since  db  =  Sdl,  obviously,  df  will  be  greater  or  less  than  db,  ac- 
cording as  iS'  is  greater  or  less  than  8.  Bemouilli's  equation  now 
becomes 

dh^df+  dk  (25) 

in  which  dk,  as  before,  is  the  change  of  velocity  head  and  may  be  either 
positive  or  negative. 

The  six  cases  of  figure  9  might  now  be  reviewed,  with  the  additional 
complication,  that  each  should  be  considered  under  two  subdivisions, 
namely,  (a)  when  8'  is  less  than  8,  and  (b)  when  8'  is  greater  than  8. 
But  some  of  the  cases  are  impossible  and  this  plan  leads  to  an  incon- 
venient classification.    It  is  found  much  more  satisfactory  to  take  up 
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the  various  cases  according  to  the  following  new  arrangement.  A  total 
of  12  cases  will  be  considered. 

First,  those  in  which  the  channel  bottom  is  sloping  downward  in 
the  direction  of  flow,  giving  8  cases. 

Second,  those  in  which  the  channel  bottom  is  level,  giving  2  cases. 

Third,  those  in  which  the  channel  bottom  is  rising,  giving  2  cases. 

These  groups  are  further  subdivided  according  to  the  following 
scheme: 

Channel  bottom  sloping  downward 

yn  greater  than  y^: 

Case  A.    y  greater  than  2/». 

Case  B.    y  less  than  yn  but  greater  than  yo. 

Case  C.    y  less  than  ye. 

yn  less  than  yei 

Case  D.    y  greater  than  yc. 

Case  E.    y  less  than  yc  but  greater  than  y». 

Case  F.    y  less  than  y«. 

yn  equal  to  yei 

Case  G.    y  greater  than  ye. 
Case  H.    y  less  than  ye. 

Channel  bottom  level 

Case  I.    y  greater  than  ]/«. 
Case  J.    y  less  than  ye. 

Channel  bottom  sloping  upward 

Case  K.    y  greater  than  ye. 
Case  L.    y  less  than  ye. 

This  scheme  of  classification  is  illustrated  in  figure  10. 

For  ordinary  channels  with  bottom  sloping  downward,  yn  is  greater 
than  yet  as  in  the  first  three  cases  listed  above;  but  y»  may  become 
less  than  ye  if  the  channel  is  sufficiently  smooth  or  steep. 

In  accordance  with  the  suggestion  previously  made.  Case  B  is 
probably  the  best  to  be  thought  of  as  the  normal  or  typical  case  when 
writing  general  mathematical  expressions,  and  our  notation  is  so 
chosen  that  all  the  quantities  are  positive  in  this  case.  Each  case 
will  now  be  taken  up  for  detailed  discussion  in  consecutive  order. 

It  will  be  advantageous  to  bring  together  all  the  mathematical 
relations,  previously  given,  which  will  be  needed  in  the  further  dis- 
cussion. 
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FIG.  lO.-CLASSIFICATION  OF  BACKWATER  CURVES. 
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By  geometry 

dh^db  +  dy  (19) 

and 

db  =  Sdl 

Hence,  by  definition  of  y^,  equation  23, 

d&  =  §  |4<«  (26) 

By  Bernouilli's  theorem 

dA  =  d/  +  dk  (25) 

hence,  from  equation  19, 

(ft  +  d|/  =  dA  =  d/  +  dfc 
By  the  Chezy  formula 


Therefore, 


By  variation  of  velocity  head,  equation  18, 

•"■-7*     "     1  =  7  <^' 

It  is  important  to  note  that  dy  and  dk  in  any  single  case  have 
alwa3rs  the  same  sign,  that  is,  if  one  of  them  is  negative  the  other 
must  also  be  negative,  or  vice  versa. 

Throughout  the  following  discussion  dl  will  be  considered  a  con- 
stant quantity,  having  the  same  value  in  all  cases;  ye  and  y^  are 
constant  quantities  in  each  case  although  they  vary  in  the  different 
cases;  db  will  be  constant  in  each  case  but  will  have  different  values 
in  different  cases;  d/,  as  before  stated,  will  always  be  positive,  that  is, 
in  graphical  representation  it  will  alwa3rs  be  measured  downward 
from  the  initial  elevation. 

Case  A.  Bottom  sloping  downward,  yn  exceeds  y^  and  y  is  greater 
than  each  of  y»  and  y^  see  figure  11. 

Since  y  is  greater  than  y^  the  friction  slope,  as  shown  in  previous 
discussions,  is  less  than  the  slope  of  the  bed  of  the  channel  and  the 
head  required  to  overcome  friction  in  any  length  is  less  than  the  fall 
of  the  bottom  in  that  length,  or  d/  is  less  than  db.  This  corresponds 
with  equation  28.    Also,  db  is  plus  in  accordance  with  the  funda- 
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mental  assumption  for  this  case,  and  df  is  alwa3rs  positive.  Conse- 
quently, in  figure  11,  we  may  draw  AB  and  CD  to  represent  db  and  df, 
respectively.  Now,  we  know,  first,  that  dy  and  dk  must  be  drawn  in 
the  same  direction,  since  they  alwa3rs  have  the  same  sign;  second, 
that  when  drawn  from  the  points  B  and  D,  respectively,  they  must 
end  at  the  same  elevation,  see  equations  19  and  25.     Since  y  is  greater 

c 

I      I 
I 


FIG.  ll.-CASE  A.  FIG.  12.-CASE  B.         FIG.    13.— CASE  C. 

BACKWATER  CURVE  RELATIONS  WHEN   CHANNEL  BOTTOM   HAS 

FALLING  SLOPE  AND  y«  EXCEEDS  y.. 

fig.  11. — Case  A,  2^  is  greater  than  y^  and  y,. 
Fig.  12. — Case  B,  i^  is  between  ]/»  and  y^ 
Fig.  13. — Case  C,  t^  is  less  than  y^  and  y^. 

than  yey  by  the  previous  discussion  of  the  relation  between  velocity 

head  and  depth,  dy  must  be  greater  than  dk.    Now,  the  only  way  we 

can  draw  dy  and  dk  from  the  points  B  and  D,  and  make  dy  greater 

than  dk,  is  to  draw  them  upward.    Hence,  dy  and  dk  must  be  negative, 

as  represented  on  figure  11. 

This  same  conclusion  may  be  said  also  to  follow  algebraically 

from  the  equation: 

(»  +  dy  =  dft  =  d/  +  djfc 

For,  if  db  is  greater  than  df,  the  only  way  that  dy  can  be  numerically 
greater  than  dk,  having  the  same  sign,  is  for  both  dy  and  dk  to  be 
negative.  This  means  that  the  depth,  y,  increases  in  the  direction 
of  flow. 

Also,  df  must  always  be  greater  than  dh,  for  otherwise  dk  would 
be  positive  and  opposite  in  sign  to  dy,  which  is  impossible. 
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As  the  depth  y  increases  indefinitely  toward  the  right,  df  will 
decrease  towards  zero,  and  therefore  dh,  always  smaller  than  df,  will 
likewise  approach  zero,  so  that  the  curve  will  ultimately  approach  a 
horizontal  direction. 

In  the  other  direction,  that  is  towards  the  left,  since  y  is  always 
decreasing,  it  will  gradually  approach  y^*  Similarly,  df  will  approach 
db.  Hence,  dk  and  dy,  in  order  to  maintain  a  ratio  different  from 
unity,  which  is  necessary  because  y  is  greater  than  ye,  must  become 
smaller  and  smaller  and  must  ultimately  approach  zero.  Therefore, 
dh  will  approach  db,  and  the  curve  becomes  as3rmptotic  to  the  straight 
line  parallel  to  the  bed  of  the  channel  and  a  distance  yn  above  it. 

The  remaining  property  of  this  curve  to  be  proved  and  the  most 
difficult  of  all  is  that  dh  can  never  be  negative,  nor  equal  to  zero, 
except  at  an  infinite  distance  toward  the  right.  This  will  indicate 
that  the  curve  contains  no  point  of  reversal,  or  that  it  has  no  kinks  in  it. 

If  dh  were  zero,  db  would  equal  —  dy,  and  df  would  then  equal 
—  dk.    Then  it  would  be  true  that 

^^dk 
db     dy 

But  equations  28  and  29  riiow  that  df/db  and  dk/dy  cannot  be  equal, 
except  when  y  is  infinitely  great,  making  df  and  dk  both  zero.  There- 
fore, dh  cannot  be  zero  within  a  finite  distance. 

Similarly,  if  dh  were  a  negative  quantity,  —  dy  would  be  greater 
than  db,  and  —  dk  would  be  greater  than  df  by  the  same  amount. 

The  two  fractions 

df  ,        dk 

yr        and        -j- 
db  dy 

would  then  have  the  relation  that  the  numerator  and  denominator  of 
the  second  would  both  be  greater  than  the  corresponding  terms  of 
the  first  fraction  by  the  same  quantity.  In  other  words,  the  second 
fraction  would  be  formed  by  adding  the  same  quantity,  —  dh,  to  the 
numerator  and  denominator  of  the  first.  Now,  the  fraction  df/db, 
by  equation  28,  is  less  than  unity.  When  both  terms  of  such  a  frac- 
tion are  increased  by  the  same  amount  the  new  fraction  must  be 
greater  than  the  original  fraction,  so  in  this  case  dk/dy  would  have 
to  be  greater  than  df/cU).  But  equations  28  and  29  show  that  dk/dy 
is  less  than  df/db.    Hence  dh  cannot  be  negative,  as  assumed. 

This  case  is  perhaps  the  form  of  backwater  curve  most  frequently 
encountered  in  engineering  practice,  and  corresponds  to  the  curve 
created  above  a  dam  or  other  obstruction. 

Case  B.  Bottom  sloping  downward,  yn  exceeds  ye,  and  y  is  be- 
tween them. 
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Figure  12  illustrates  this  case.  From  equation  28  df  must  be 
greater  than  db,  while  dk  is  less  than  dy  in  accordance  with  equation  29. 
Hence;  the  illustration  shows  that  dk  must  always  be  positive.  There- 
fore, dy  and  dh  must  also  always  be  positive,  and  accordingly  the 
depth  always  decreases  toward  the  right  and  the  surface  slopes  down- 
ward in  that  direction. 

As  y  approaches  ye,  the  ratio  of  dk  to  dy  approaches  unity,  while 
at  the  same  time  the  difference  between  them  has  a  definite  value 
equal  to  the  difiference  between  df  and  db.  The  only  way  that  these 
two  conditions  can  be  satisfied  is  for  dk  and  dy  to  become  larger  and 
larger  in  comparison  with  db.  Therefore,  the  curve  becomes  steeper 
and  steeper  and  approaches  a  condition  of  verticality  as  it  approaches 
the  critical  depth  ye. 

Towards  the  left  as  y  approaches  yn,  df  will  approach  db.  There- 
fore, dy  and  dk,  in  order  to  maintain  their  proper  ratio,  will  both  have 
to  approach  zero,  and  the  curve  will  be  asymptotic  to  the  straight  line 
parallel  to  the  channel  bed  and  at  a  distance  yn  above  it. 

This  case  exists  at  the  end  of  a  flume  whose  flow  is  discharging 
freely  into  the  air,  and  also  just  above  a  sudden  drop  in  the  bottom 
of  a  channel. 

Case  C.  Bottom  sloping  downward,  yn  exceeds  y^  and  y  is  less 
than  each  of  yn  and  ye,  see  figiure  13.  Since  y  is  less  than  yn,  df  is 
greater  than  cR).  Since  y  is  less  than  ye,  dk  is  greater  than  dy.  There- 
fore, dk  and  dy  must  be  negative. 

From  equations  28  and  29  df/db  must  be  greater  than  dk/dy. 
Since  both  these  fractions  are  greater  than  unity  the  above  condition 
can  be  true  only  when  dh  is  negative  so  that  dk  shall  be  greater  than 
df,  and  dy  greater  than  db,  by  the  same  amount,  as  indicated  in 
figiure  13.  Therefore,  the  surface  slopes  always  upward  toward  the 
right,  and  the  depth,  y,  likewise  increases  in  the  same  direction. 

As  y  approaches  ye,  and  the  ratio  of  dk  to  dy  approaches  unity, 
these  two  differentials  must  become  larger  and  larger  in  comparison 
with  db  and  df,  and  therefore  the  surface  becomes  continually  steeper 
and  approaches  a  condition  of  verticality  as  y  approaches  ye- 

Towards  the  left,  as  y  becomes  small,  df  becomes  very  large. 
Figure  13  shows  that  dk  must  also  become  very  large.  Then  they 
may  be  considered  as  sensibly  equal.  Therefore,  dividing  equation 
28  by  29  we  get 

dy^yj? 
db      ye* 

as  the  limit  approached  as  y  approaches  zero.    This  means  that  the 
cm^e  approaches  the  bottom  of  the  channel  at  a  definite  angle. 
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not  tangent  and  not  perpendicular,  and  leads  to  the  very  curious 
result  that  the  backwater  curve  has  a  defibaite  length,  and  is  definitely 
limited  at  both  ends. 

Case  D.  Bottom  sloping  downward,  yn  less  than  ye,  and  y  larger 
than  each  of  yn  and  y^  see  figure  14.  In  this  case  df  is  less  than  db, 
and  dk  is  less  than  dy.  These  conditions  cannot  both  be  true  unless 
dy  and  dk  are  negative. 

■J  -^  -^  -  f 
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FIG.  14.— CASE  D. 


FIG.  15.— CASE  E. 


FIG.  16.— CASE  F. 


BACKWATER   CURVE   RELATIONS   WHEN   CHANNEL  BOTTOM   HAS 

FALLING  SLOPE,  AND  y.  IS  LESS  THAN  y.. 

Fig.  14. — Case  D,  y  is  larger  than  y»  and  y«. 
Fig.  15. — Case  E,  y  is  between  y*  and  y^ 
Fig.  16. — Case  F,  y  is  less  than  y»  and  y«. 

Also  from  equations  28  and  29,  dk/dy  is  greater  than  df/db.  This 
cannot  be  true  unless  dh  is  negative.  Hence  the  curve  rises  toward 
the  right;  and  the  water  becomes  continually  deeper  towards  the 
right. 

As  y  increases  indefinitely,  both  df  and  dk  must  approach  zero. 
Hence  dh  will  also  approach  zero,  and  the  curve  approaches  a  hori- 
zontal direction  as  it  recedes  indefinitely  toward  the  right. 

In  the  other  direction  as  y  approaches  ye,  the  ratio  of  dk  to  dy 
approaches  unity,  but  the  ratio  of  df  to  db  does  not.  The  only  way 
in  which  these  conditions  can  be  satisfied  is  for  dk  and  dy  to  become 
greater  and  greater  in  comparison  with  db  and  df,  or,  in  other  words, 
for  the  curve  to  become  steeper  and  steeper  and  to  approach  a  vertical 
direction  as  it  approaches  the  depth  y^ 

Case  E.  Bottom  sloping  downward,  yn  less  than  ye,  and  y  between 
them  in  value,  see  figure  15.    In  this  case^  df  is  less  than  db  but  dk 
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is  greater  than  dy.  Inspection  of  figure  15  shows  that  these  conditions 
cannot  be  true  unless  dy  is  positive,  and  therefore  dk  and  dh  are  also 
positive.  Hence  the  surface  drops  and  the  depth  dy  decreases  towards 
the  right,  as  shown  in  figure  15. 

As  y  decreases  toward  yn,  df  and  db  must  approach  equality  while 
dk  and  dy  do  not.  The  only  way  in  which  these  conditions  can  be 
satisfied  is  for  dk  and  dy  both  to  approach  zero.  Therefore  the  curve 
toward  the  right  is  asymptotic  to  the  straight  line  parallel  to  the  bed 
of  the  channel  and  a  distance  yn  above  it. 

In  the  other  direction  as  y  approaches  y^  dk  and  dy  approach 
equality  which  requires  that  they  become  indefinitely  great  in  com- 
parison with  df  and  db.  Hence  the  backwater  curve  approaches 
verticality  as  it  approaches  the  depth  ye. 

Case  F.  Bottom  sloping  downward,  yn  less  than  yc,  and  y  less 
than  each  of  yn  and  yc,  see  figure  16.  In  this  case  df  is  greater  than  db, 
and  also  dk  is  greater  than  dy.  Therefore  dy,  and  consequently  also 
dk,  must  be  negative.    Hence  the  depth  increases  towards  the  right. 

Also  the  ratios  df/db  and  dk/dy  are  each  greater  than  unity  but  the 
latter  is  the  larger.  This  can  only  be  true  if  dA  is  positive  as  drawn  in 
figure  16.     Hence  the  surface  slope  is  downward  toward  the  right. 

As  y  increases  towards  yn,  df  will  approach  db,  while  dk  and  dy 
do  not  approach  equality.  Hence  dk  and  dy  will  each,  of  necessity, 
approach  zero,  and  the  curve  becomes  asymptotic  to  the  straight  line  a 
distance  yn  above  the  channel  bed. 

In  the  other  direction,  towards  the  left,  as  y  approaches  zero, 
df  and  —  dk  must  both  become  indefinitely  great  and  hence  may  be 
considered  sensibly  equal.    Therefore  dividing  equation  28  by  29 

dy^yt? 
db      yc' 

and  the  backwater  curve  will  intersect  the  bottom  of  the  channel  at  a 
definite  acute  angle.  Hence,  Uke  Case  C,  this  curve  is  definitely 
limited  at  both  ends  and  has  a  definite  length. 

Case  G.  Bottom  sloping  downward,  yn  and  ye  equal,  and  y 
greater  than  each  of  them,  see  figure  17.  In  this  case  df  is  less  than 
db  and  dk  less  than  dy.  By  equations  28  and  29  the  ratios  df/db  and 
dk/dy  are  equal.  The  only  way  in  which  this  can  be  possible  is  for 
db  and  —  dy  to  be  equal  and  likewise  for  df  and  —  dfc  to  be  equal. 
This  requires  that  dh  be  zero  and  the  backwater  curve  becomes  a 
horizontal  straight  Une,  as  indicated  in  figure  17. 

Case  H.  Bottom  sloping  downward,  yn  and  yc  equal,  and  y  less 
than  each  of  them,  see  figure  18.    By  the  same  reasoning  as  in  the 
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preceding  case  the  curve  is  shown  to  be  a  horizontal  straight  line. 
This  is  illustrated  in  figure  18. 


FIG.  17.— CASE  G. 
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FIG.   18.— CASE  H. 


BACKWATER  CURVE  RELATIONS   WHEN   CHANNEL   BOTTOM   HAS 
FALLING  SLOPE  AND  Vn  AND  y^  ARE  EQUAL. 


Fig.  17. 
Fig.  18. 


G,  2^  is  greater  than  ]/»  and  y^, 
H,  2^  ifl  less  than  y^  and  y«. 

Case  I.  Bottom  level  and  y  greater  than  ye,  see  figure  19.  This 
case  and  the  following  one,  both  with  a  level  channel  bottom,  corre- 
spond closely  with  Cases  B  and  C,  if,  in  the  latter,  yn  has  become 
infinite.  This  is  true  since  as  the  slope  S  becomes  smaller  and  smaller 
yn  becomes  indefinitely  greater.  Or  in  equation  26,  if  db  be  made  zero, 
yn  becomes  infinite.  Figure  19  shows  the  differential  relations.  The 
detailed  discussion  is  not  given  on  account  of  its  similarity  to  Case  B. 

Case  J.    Bottom  level  and  y  less  than  y^  see  figure  20.    This 
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FIG.  19.— CASE  I. 
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FIG.  20.— CASE  J. 

BACKWATER  CURVE  RELATIONS  WHEN  CHANNEL  BOTTOM  SLOPE 

IS  ZERO. 

Fig.  19. — Case  I,  i^  is  greater  than  y., 
F'g.  20. — Case  J,  ^  is  less  than  y^ 
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case  corresponds  to  Case  C  with  yn  increased  indefinitely.  Figure  20 
shows  the  differential  relations.  The  detailed  discussion  is  omitted 
on  account  of  its  similarity  to  Case  C. 

Case  K.  Bottom  sloping  upward  and  y  greater  than  ye,  see 
figure  21.  In  Cases  K  and  L,  yn  does  not  enter  into  the^lassification; 
It  has  no  physical  significance,  as  is  indicated  by  reference  to  equation 
28.  When  db  is  negative,  as  it  must  be  under  the  scheme  of  notation, 
yn  must  be  negative,  and  be  measured  below  the  bed  of  the  channel. 


FIG.  21.— CASE  K. 


FIG.  22.— CASE  L. 


BACKWATER  CURVE  RELATIONS  WHEN  THE  CHANNEL   BOTTOM 

SLOPES  UPWARD. 

Fig.  21. — Case  K,  j^  is  greater  than  v«. 
Fig.  22. — Case  L,  y  is  less  than  y^ 


Since  y  is  greater  than  yc,  dk  is  less  than  dy.  Therefore,  it  is  evi- 
dent that  y  must  decrease,  as  shown  in  figure  21.  Hence  dy,  and 
therefore  dk  also,  is  positive.  As  d/  is  always  positive,  dh  must  like- 
wise be  positive. 

As  y  approaches  ye^  dk  and  dy  approach  equality,  which  they  can 
only  do  by  increasing  indefinitely.  Hence  the  curve  approaches 
verticality  as  it  approaches  the  depth  ye. 

In  the  other  direction,  towards  the  left,  as  y  increases  steadily, 
both  df  and  dk  approach  zero.  Therefore,  dh  approaches  zero  and 
the  curve  gradually  becomes  nearer  horizontal. 

Case  L.  Bottom  sloping  upward  and  y  less  than  ye,  see  figure  22. 
Since  y  is  less  than  ye,  dk  is  greater  than  dy.  Therefore,  figure  22  shows 
that  dy  must  be  negative,  and  the  depth  y  is  increasing  toward  the 
right.  Similarly,  dh  is  negative  and  the  surface  is  rising  toward  the 
right. 
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As  y  approaches  yej  dy  and  dk  approach  equality,  hence  they  must 
increase  indefinitely  in  comparison  with  db  and  df,  and  the  curve 
approaches  verticality  as  it  approaches  the  depth  ye» 

In  the  other  direction,  as  y  approaches  zero,  the  backwater  curve 
intersects  th§  bottom  within  a  finite  distance  as  in  the  other  cases 
previously  discussed,  wherein  y  is  less  than  yn  and  ye^  This  may  be 
shown  by  the  following  procedure.  If  we  assume  for  the  moment  y» 
to  stand  for  the  depth  at  which  the  given  quantity  of  water  would 
flow  uniformly  in  the  reverse  direction,  equations  28  and  29  will  be 
true  as  before.  As  y  approaches  zero  towards  the  left,  df  and  dk 
must  both  become  indefinitely  great,  and  their  ratio  will  approach 
unity.     Dividing  equation  28  by  29,  there  will  then  be  obtained 

dy^yj? 
db      y/ 

Hence,  for  any  finite  value  of  yn,  whether  larger  or  smaller  than  ye, 
the  backwater  curve  wUl  intersect  the  bottom  at  a  definite  acute  angle. 

The  mathematician  would  treat  by  means  of  general  equations 
the  12  cases  discussed  above  separately.  Thus,  the  value  of  db  given 
by  equation  26,  substituted  in  19,  gives 

dh  =  ^,^,dl  +  dy  (30) 

The  value  of  df  given  by  27  and  the  value  of  dk  from  29,  substituted 
in  25,-  give 

^  =  0^  +  ^<iy  (31) 

If  from  this  pair  of  simultaneous  equations  dy  is  eliminated,  there  is 
obtained 

dh  =  ^^dl  (32) 

If  30  and  31  are  equated  to  eliminate  dh,  the  resulting  equation  may 
be  written  in  two  ways 

dy  =  ^^-^  dl  (33) 

y* 
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or 

d.  -  SyJ--iy  (34) 

From  32  and  33  all  the  properties  of  the  12  cases  deduced  above  can 
be  derived  by  making  proper  allowances  for  positive  and  negative 
signs. 

It  is  the  province  of  integral  calculus  to  determine,  from  diifferential 
equations  Uke  34,  the  equations  of  the  ciurves  which  have  such  differ- 
ential properties.  First  changing  the  sign  of  dj/  so  as  to  conform  to 
the  customary  conventions  used  in  calculus  and  then  using  standard 
methods  of  integration,  after  a  somewhat  lengthy  procedure,  the 
general  integral  is  obtained  in  the  following  form,  in  which  z  stands 
fory/yni 

Tables  of  the  complicated  function  contained  in  the  brackets  have 
been  computed  by  Bresse  for  positive  values  of  z  and  are  published 
in  most  text  books  on  hydraulics.  This  covers  the  first  six  cases 
previously  described,  Cases  A  to  F  inclusive.  By  the  aid  of  such 
tables,  figures  23  to  28  have  been  drawn  accurately,  but  with  greatly 
exaggerated  vertical  scale,  showing  the  shape  of  the  typical  back- 
water curve  for  each  case. 

It  should  be  noted  that  no  backwater  curve  can  cross  the  critical 
depth  and  that  in  several  cases  the  curve  has  either  a  beginning  or 
an  abrupt  ending  at  this  depth.  In  plotting  the  curves  by  the  use  of 
Bresse's  tables,  Cases  B  and  C  wUl  appear  as  one  continuous  curve, 
and  similarly  with  Cases  D  and  E.  This  is  because  mathematically 
they  are  represented  by  the  same  continuous  function.  This  may  be  a 
source  of  danger  for  the  unwary  but  the  difficulty  can  be  avoided  by 
remembering  that  no  curve  under  investigation  can  cross  the  critical 
depth.  Any  point  obtained  by  computation  from  Bresse's  tables, 
which  seems  to  violate  this  rule,  should  be  rejected  as  being  beyond  the 
physical  limits  of  the  curve  under  examination. 

Case  A,  figure  23,  illustrates  the  sort  of  curve  produced  when  the 
lower  end  of  a  long  flume  is  submerged  in  a  reservoir  to  a  greater 
depth  than  the  neutral  or  natural  depth  of  flow  in  the  flume. 

Case  B,  figure  24,  similarly  represents  the  condition  when  the 
bottom  of  the  flume  at  its  lower  end  is  submerged  in  a  reservoir  to  a 
depth  less  than  the  neutral  depth.    If  the  depth  of  submergence  is 
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FIG.  23.— TYPICAL  BACKWATER  CURVE  FOR  CASE  A. 

Plotted  from  Bresse's  table  of  the  backwater  function.    Vertical  scale  100 
times  horizontal  scale. 
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FIG.  24.— TYPICAL  BACKWATER  CURVE  FOR  CASE  B. 


Plotted  from  Bresse's  table  of  the  backwater  function.    Vertical  scale  100 
times  horizontal. 
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FIG.  25.— TYPICAL  BACKWATER  CURVE  FOR  CASE  C. 

Plotted  from  Bresse's  table  of  the  backwater  function.    Vertical  scale  100 
times  horizontal  scale. 
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FIG.  26.— TYPICAL  BACKWATER  CURVE  FOR  CASE  D. 

Plotted  from  Bresse's  table  of  the  backwater  function.    Vertical  scale  50  times 
horixontal  scale. 
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greater  than  the  critical  depth,  then  as  much  of  the  curve  for  Case  B 
will  form  as  lies  above  the  water  surface  in  the  reservoir.  If  the 
amount  of  submergence  is  less  than  the  critical  depth  the  backwater 
curve  of  Case  B  will  end  abruptly  with  its  lower  end  tangent  to  a 
vertical  line  and  at  a  height  equal  to  the  critical  depth.  Below  this 
level  there  will  be  a  free  vertical  fall.    These  last  conditions  are  only 


FIG.  27.— TYPICAL  BACKWATER  CURVE  FOR  CASE  E. 

Plotted  from  Bresse's  table  of  the  backwater  function.  Vertical  scale  50  times 
horizontal  scale. 

approximately  realized  in  an  actual  case,  for  the  reason  that  in  deduc- 
ing the  theoretical  ciu^e  vertical  components  of  velocity  were  ignored. 

Case  C,  figure  25,  is  very  peculiar  in  that  the  curve  at  its  lower 
left  hand  end  starts  from  the  bottom  of  the  channel  at  an  acute  angle 
and  terminates  abruptly  at  its  upper  right  hand  end  tangent  to  a 
vertical  line.  Thus,  the  ciu*ve  is  restricted  in  length  to  definite  limits 
in  both  directions.  On  this  account  the  curve  can  exist  only  under 
favoring  circumstances. 

For  example,  if  water  issued  at  high  velocity  from  a  reservoir 
through  a  submerged  gate  opening,  it  could  follow  this  curve,  pro- 
vided that  the  water  could  be  conducted  away  by  some  change  in 
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channel  conditions,  before  the  right  hand  end  of  the  curve  should  be 
reached.  Such  a  change  might  be  a  sufficient  increase  in  the  grade 
of  the  channel.  The  higher  the  initial  velocity  of  the  issuing  water, 
the  farther  down  on  the  curve  towards  the  left  it  would  begin.  At  the 
end  of  the  ciure,  where  it  intersects  the  bottom  of  the  channel,  the 
velocity  of  the  water  would  be  infinite,  so  this  point  represents  a  limit 
that  could  never  be  reached  physically. 

Cases  D,  E,  and  F,  as  shown  in  figures  26,  27,  and  28,  correspond 
somewhat  to  Cases  A,  B,  and  C,  respectively.    It  will  be  noticed, 
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FIG.  28 —TYPICAL  BACKWATER  CURVE  FOR  CASE  F. 

Plotted  from  Brease's  table  of  the  backwater  function.    Vertical  scale  50  times 
horizontal  scale.  • 


however,  that  some  of  the  slo'pes  and  directions  are  reversed.  Cases 
A,  B,  and  C  change  into  D,  E,  and  F  when  the  grade  is  increased 
until  the  neutral  depth  is  less  than  the  critical  depth.  The  same 
table  from  which  Case  A  is  calculated  gives  Cases  D  and  E.  Similarly 
Cases  B,  C,  and  F  are  obtained  from  the  same  table. 

Cases  G  and  H,  figures  29  and  30,  formed  of  straight  lines,  represent 
the  limiting  conditions  between  Cases  A,  B,  and  C  on  the  one  hand, 
and  Cases  D,  E,  and  F  on  the  other.  The  condition  necessary  for 
Cases  H  and  G  is  that  the  slope  be  just  sufficient  to  compensate  for 
friction  when  the  neutral  depth  and  critical  depth  become  equal. 
On  account  of  the  horizontal  straight  lines  for  the  surface  curve,  in 
these  cases,  they  possess  manifest  advantages  in  practical  use  where 
they  can  be  secured. 
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Cases  I  and  J,  figures  31  and  32,  represent  the  limiting  shapes 
approached  by  Cases  B  and  C,  as  the  slope  of  the  channel  bottonoi 
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FIG.  29.— TYPICAL  BACKWATER   FIG.  30.— TYPICAL  BACKWATER 
CURVE  FOR  CASE  G.  CURVE  FOR  CASE  H. 

Vertical  scale  100  times  horizontal  scale.      Vertical  scale  100  times  horicontal  scale. 

approaches  a  true  level.  Under  these  circumstances  the  neutral 
depth,  yn,  has  become  infinite.  Hence,  equation  34  simplifies  to  the 
form 


(36) 


Q       Vc* 
The  general  integral  of  this  is 

from  which  the  curves  shown  in  figures  31  and  32,  corresponding  to 
Cases  I  and  J,  have  been  computed. 

When  the  bottom  slopes  upward,  the  slope  may  be  considered 
negative,  y»  becomes  negative,  and  hence  z  is  negative.  From  equa- 
tion 35  values  of  the  integral  corresponding  to  negative  values  of  z 
have  been  computed,  and  the  curves  corresponding  to  Cases  K  and  L, 
have  been  drawn,  shown  in  figures  33  and  34. 
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FIG.  31.— TYPICAL  BACKWATER  CURVE  FOR  CASE  I. 

Plotted  from  equation  37.    Vertical  scale  100  times  horizontal  scale. 
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FIG.  32.— TYPICAL  BACKWATER  CURVE  FOR  CASE  J. 
Plotted  from  equation  37.    Vertical  scale  100  times  horizontal  scale. 
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Case  /r 
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FIG.  33.— TYPICAL  BACKWATER  CURVE  FOR  CASE  K. 
Plotted  from  equation  35.    Vertical  scale  100  times  horizontal  scale. 
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FIG.  34— TYPICAL  BACKWATER  CURVE  FOR  CASE  L. 
Plotted  from  equation  35.    Vertical  scale  100  times  horizontal  scale. 
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SECTION   XI.— PRACTICAL  APPLICATION   OF   BACKWATER 
CURVES  AND  THE  HYDRAULIC  JUMP 

The  cases  in  actual  construction  in  which  backwater  curves  and 
the  hydraulic  jump  may  be  of  practical  importance  are  too  numerous 
for  comprehensive  discussion  here,  but  a  few  typical  appUcations  wUl 
be  mentioned. 

If  the  conditions  of  flow  are  known  at  a  particular  place  in  a  given 
open  channel,  the  type  of  backwater  curve  existing  at  that  place  is 
easily  determined.  The  critical  depth  can  be  computed  from  the 
known  quantity  of  water  flowing;  and  the  neutral  depth  from  the 
quantity  of  flow,  slope  of  the  channel,  and  its  roughness.  A  com- 
parison of  the  critical  depth,  neutral  depth,  and  actual  depth  will 
determine  at  once  which  one  of  the  12  possible  cases  is  obtaining  at 
the  given  place. 

It  should  be  stated  here  that  if  it  is  desired  to  apply  the  back- 
water theory  to  a  channel  of  trapezoidal  cross  section  or  to  a  natural 
stream  channel,  the  width  of  channel  used  should  be  the  width  of 
the  water  surface,  and  the  depth  of  flow  used  should  be  the  average 
depth  obtained  by  dividing  the  area  of  the  cross  section  by  the  width 
at  the  water  surface. 

There  are  many  possible  cases  of  transition  backwater  curves 
caused  by  changes  in  the  slope  of  the  bottom,  shape,  and  dimensions 
of  the  channel,  or  roughness  of  the  channel.    Figure  35  represents 


FIG.  35.— TRANSITION  BACK-  FIG.  36.— CONDITION  CAUSING 

WATER  CURVES  IN  FLOW  OVER     THE     FORMATION     OF     A     HY- 
A  DAM.  DRAULIC  JUMP. 


flow  over  a  round  crested  dam  with  sloping  sides.  From  A  to  B  the 
backwater  ciure  has  the  general  form  of  Cases  K,  I,  and  B,  and  is  a 
transition  curve  formed  by  combining  these  cases.  At  some  point, 
as  B,  the  neutral  depth  and  the  critical  depths  are  equal  and  the  actual 
depth  crosses  the  critical  depth  line.  Below  this  point,  the  curve  BC 
has  the  general  form  of  Case  E,  and  is  concave  upward,  while  above  the 
point  B  the  curve  is  convex  upward. 
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Figure  36  represents  an  important  case,  one  in  which  water  emerges 
from  an  orifice  or  sluiceway  under  a  head  and  hence  with  a  relatively 
high  velocity  of  efflux.  If  the  slope  of  the  outfall  channel  is  slight, 
so  that  y»  is  greater  than  yc,  while  the  depth  of  efflux  is  less  than  f/e, 
then  if  the  velocity  of  efflux  is  sufficiently  great  a  hydraulic  jump  is 
bound  to  occur  at  some  point  in  the  outfall  channel.  From  the  point 
of  efflux  E,  the  backwater  curve  EF  will  be  of  Case  C.  When  the 
depth  has  increased  sufficiently  so  that  a  hydraulic  jump  will  just  carry 
the  depth  across  the  critical  depth  to  the  neutral  depth  y»,  the  jump  will 
occur.  With  a  given  critical  depth  ye  and  a  definite  final  depth  y», 
the  initial  depth  y,  for  a  hydraulic  jump  is  definitely  determined  as 
shown  in  the  previous  discussion  of  the  equation  for  the  hydraulic 
jump.    This  determines  the  location  of  the  jump. 

In  case  the  depth  at  the  orifice  should  be  greater  than  y,  no  jump 
could  occur.  Instead,  the  outfall  channel  would  fill  to  the  depth  y» 
entirely  to  its  upper  end  and  the  orifice  would  become  submerged. 
The  only  way  in  which  the  depth  in  a  case  like  that  shown  in  figure  36 
can  increase  to  a  value  greater  than  the  critical  depth  is  through  a 
hydraulic  jump.  In  some  circumstances  this  might  be  a  source  of 
danger. 

In  general,  flow  at  the  critical  depth  may  be  considered  as  a 
possible  source  of  danger,  and  hence  worthy  of  especial  consideration. 
With  an  increasing  velocity,  the  critical  depth  may  be  passed  through, 
as  in  figure  36,  without  harm.  With  a  decreasing  velocity,  however, 
such  as  exists  in  figure  36,  the  critical  depth  cannot  be  passed  through 
without  the  heavy  internal  disturbance  accompanjring  the  hydraulic 
jimip,  except  in  the  cases  when  the  neutral  depth  and  critical  depth 
coincide  as  represented  in  Cases  G  and  H,  figures  29  and  30. 

The  above  discussion  may  serve  to  indicate  the  method  of  analyzing 
other  transitional  backwater  curves  that  may  be  encountered  in 
practice. 
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SECTION  Xn.— INTRODUCTORY 

The  use  of  retarding  basins  in  the  plans  of  the  Miami  Conservancy 
District  involves  the  temporary  storage  of  a  large  portion  of  the  flood 
runoff  and  the  gradual  discharge  of  the  entire  runoff  through  restricted 
outlets  in  the  dams.  The  water  discharges  at  great  velocity  when 
the  level  in  the  basins  is  high,  and  of  course  has  tremendous  kinetic 
energy.  With  a  flood  similar  to  that  of  1913,  the  discharge  at  the 
several  dams  would  vary  from  9,000  to  50,000  cubic  feet  per  second 
and  the  velocities  in  the  conduits  would  be  from  50  to  60  feet  per 
second.  To  release  water  at  such  velocity  into  river  channels  of 
unconsolidated  materials  might  jeopardize  the  safety  of  the  dams, 
since  the  amount  and  extent  of  the  erosion  that  would  result  could 
not  be  predicted.  It  was  regarded,  therefore,  as  essential  to  secure 
so  low  an  effluent  velocity  that  no  erosion  need  be  feared  in  the  channel 
below.  In  other  words,  the  bulk  of  the  energy  must  be  dissipated 
before  the  water  could  be  carried  in  a  natural  channel. 

Investigation  showed  that  the  same  problem  had  been  presented 
before,  although  under  different  circumstances.  For  instance,  the 
Catskill  Aqueduct  of  the  New  York  City  water  supply  has  a  blow- 
off  or  by-pass  channel  into  Croton  Lake,  where  provision  is  made  for  a 
discharge  of  1,500  cubic  feet  per  second  at  a  velocity  of  70  feet  per 
second,  the  means  employed  being  a  large  spraying  device.  At  the 
Waldeck  Dam*  in  Germany  a  grating  of  vertical  I-beams  is  placed 
in  the  path  of  the  discharging  water,  the  maximum  flow  in  this  case 
being  9,000  second  feet  at  65  feet  per  second  velocity.  At  the  Gatun 
and  Bassano  Dams  piers  were  placed  at  the  foot  of  ogee  spillways  to 
effect  a  dissipation  of  energy.  However,  these  measures  were  either 
ineffective  or  inapplicable  to  the  local  conditions. 

In  view  of  the  lack  of  large  scale  precedents  and  the  importance  of 
insuring  the  dissipation  of  energy,  it  was  decided  to  make  an  experi- 
mental investigation  to  determine  the  most  satisfactory  type  of  struc- 
ture. Beginning  with  a  model  of  an  outlet  channel  provided  with 
baffle  piers  somewhat  resembling  those  at  Gatun  spillway,  investiga- 

•  See  Journal,  Engineers  Society  of  Pennsylvania,  May,  1916. 
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tions  were  made  of  a  number  of  schemes,  the  plant  being  modified 
from  time  to  time.  The  hydraulic  jump  was  finally  developed  as  the 
most  practicable  means  of  dissipating  the  energy,  and  a  form  of  channel 
was  devised  which  would  insure  its  occurrence.  The  methods  pursued 
and  the  conclusions  reached  are  described  below. 

Inasmuch  as  the  studies  were  made  upon  water  in  a  state  of  great 
turbulence,  quantitative  measurements  were  limited  in  their  scope, 
and  the  facts  and  conclusions  reached  are  chiefly  qualitative  in  nature. 
The  fact  that  the  experiments  were  to  be  used  to  determine  the  design 
of  full  sized  structures  necessitated  care  in  making  deductions  since 
slight  peculiarities  in  the  model  might  correspond  to  great  irregularities 
in  the  large  structure.  Observations  of  tendencies  were  therefore  of 
great  importance,  and  from  them  important  conclusions  were  drawn. 

The  necessity  for  careful  observation  coupled  with  the  obscurity 
of  some  of  the  phenomena  observed  led  to  a  lengthy  study.  Pre- 
cautions were  taken  to  check  observations  carefully,  notably  by  vary- 
ing discharge  and  other  conditions  when  stud3ring  any  particular  type, 
in  order  to  verify  the  persistence  of  phenomena.  Field  work  on  the 
experimental  plant  covered  about  five  months  in  the  aggregate,  and 
an  equal  amount  of  time  was  consumed  in  stud3ring  and  digesting  the 
data.  It  was  felt  that  the  importance  of  the  question  to  be  solved 
justified  considerable  expenditure.  The  results  obtained  were  deemed 
conclusive  for  the  purposes  of  the  District,  and  of  such  general  interest 
to  the  engineering  profession  as  to  justify  their  publication. 

Acknowledgement  is  dueto,Edward  A.  Deeds,  President  of  the  Board 
of  Directors  of  the  Miami  Conservancy  District,  who  provided  the  site 
and  most  of  the  equipment  of  the  experimental  plant.  The  experi- 
ments of  Professor  A.  H.  Gibson,  Ferriday,  and  others,  as  presented 
in  the  discussions  of  K.  R.  Kennison's  paper  on*  The  Hydraulic  Jump 
in  Open  Channels  at  High  Velocities  were  of  much  value  in  studying 
the  jiunp. 

The  work  was  guided  by  the  advice  and  suggestions  of  D.  W.  Mead, 
John  W.  Alvord,  H.  M.  Chittenden,  and  S.  M.  Woodward,  Consulting 
Engineers.  Mr.  Woodward  was  in  constant  touch  with  the  investi- 
gations and  has  studied  the  hydraulic  jump  from  the  theoretic  stand- 
point in  the  discussion  published  herewith.  Suggestions  were  received 
from  Chas.  H.  Paul  and  W.  M.  Smith,  as  well  as  from  other  members 
of  the  stajff,  while  the  work  was  directed  in  general  by  Chief  Engineer 
Arthur  E.  Morgan.  Professor  Chas.  I.  Corp  prepared  the  original 
designs  for  the  plant  during  the  summer  of  1915,  but  was  unable  to 
perform  the  field  work  of  investigation.  John  C.  Beebe  had  charge 
of  the  studies  during  the  fall  of  1915  and  the  succeeding  winter,  while 

*  Transactions,  American  Society  of  Civil  Engineers,  Vol.  80. 
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R.  M.  Riegel  took  up  the  work  in  the  summer  of  1916,  and  has  written 
this  report.    Both  men  were  assisted  by  M3rron  Cornish. 

SECTION  Xm.— ORDER  OF  EXPERIMENTS 

The  general  object  of  the  studies  has  been  stated.  More  definitely, 
it  was  to  devise  a  type  of  outlet  structure  whose  discharge  would 
be  symmetrical  and  free  from  erosive  velocities,  on  the  sides  and 
bottom  of  the  channel.  In  general  three  methods  of  attainment  were 
recognized  as  possibiUties. 

(a)  The  water  might  be  caused  to  rise  into  the  air  in  some  form  of 
jet  or  sheet,  losing  its  energy  in  so  doing,  and  subsequently  faUing 
into  a  pool  below,  whence  it  could  flow  away  quietly. 

(b)  The  velocity  might  be  diminished  by  impact  upon  piers  or 
other  baffling  devices. 

(c)  The  energy  of  the  water  might  be  dissipated  in  eddies,  impact, 
and  friction  in  the  water  itself. 

In  other  words,  dissipation  of  energy  might  occur  through  air 
friction,  channel  friction,  or  internal  friction.  Of  course,  combinations 
of  any  or  all  of  these  methods  might  be  used. 

The  studies  were  begun  in  September  1915,  with  a  channel  en- 
larging in  a  series  of  offsets,  isolated  piers  in  the  form  of  buttresses 
being  built  in  it.  The  form  of  the  channel  and  the  shape  and  arrange- 
ment of  the  piers  were  varied  but  the  device  as  a  whole  was  not  satis- 
factory. The  results  of  the  studies  of  piers  are  given  in  Section  XVIII, 
together  with  the  reasons  for  their  rejection. 

Devices  for  spraying  water  into  the  air  were  studied,  including 
various  forms  of  weirs,  deflecting  piers,  and  channels,  with  interesting 
but  unsatisfactory  results;  see  also  Sections  XIX  and  XX.  The 
form  of  the  channel  was  also  modified  from  time  to  time. 

During  the  manipulation  of  the  model  for  the  above  studies,  it  was 
observed,  partly  by  accident,  that  under  certain  circumstances  a 
hydraulic  jump  was  formed,  which  apparently  effected  a  considerable 
dissipation  of  energy.  This  led  to  an  investigation  of  the  jump,  and, 
inasmuch  as  a  conflict  in  published  theories  and  formulas  was  found, 
observations  were  taken  to  establish  the  law  controUing  it.  Addi- 
tional investigations  were  made  of  the  effect  of  a  roughened  floor  upon 
the  position  and  behavior  of  the  jump.  The  experiments  were  deemed 
conclusive  enough  to  warrant  the  adoption  of  the  jump  as  the  most 
practicable  method  of  dissipating  the  energy  of  swiftly  flowing  water. 

In  the  summer  of  1916,  the  studies  were  resumed,  with  the  object 
of  ascertaining  the  form  of  channel  which  would  secure  the  formation 
of  the  jump  in  the  most  certain  and  economical  manner.    This  work 


HYDRAULIC  JUMP  AS  MEANS  OF  DISSIPATING  ENERGY       63 

dealt  but  little  with  theoretic  rdationshipe  and  was  directed  chiefly 
to  tendencies  to  depart  from  the  theoretic  behavior  and  to  means  of 
counteracting  them.  Several  forms  of  channel  were  used,  with  and 
without  regulating  weirs  and  baffles,  and  a  satisfactory  form  of  channel 
was  developed. 

SECTION  XIV.— CONCLUSIONS 

Experimental  results  from  small  scale  models  must  be  applied 
with  caution  to  the  design  of  full-sized  structiu'esi  and  the  conclusions 
herein  given  must,  therefore,  be  largely  qualitative  in  character, 
showing  tendencies  rather  than  exact  ratios  or  formulas  to  be  rigidly 
adhered  to  in  design.  This  principle  underUes  the  following  con- 
clusions: 

1.  When  baffle  piers  are  used  in  a  spreading  channel  below  the 
outlet,  the  flow  is  not  stable  under  moderate  changes  in  channel  con- 
ditions such  as  variations  in  discharge  and  tail  water  level  as  well  as 
in  the  form  of  the  structures.  Hence,  the  analogy  between  the  model 
and  the  full-sized  structure  is  inconclusive  and  cannot  be  relied  upon. 
Moreover,  the  impact  of  great  quantities  of  water  upon  piers  supported 
by  the  foundations  available  in  the  Miami  Valley  would  involve  great 
expense  in  order  to  seciure  stability. 

2.  The  method  of  causing  the  water  to  discharge  into  a  large  pool 
which  submerges  the  conduit  outlet  is  not  successful  in  preventing 
high  velocities  below.  The  high  velocity  of  the  water  tends  to  persist 
through  the  pool  for  long  distances  below  the  outlet,  and  the  sub- 
merged moving  stream  is  also  variable  in  position. 

3.  The  use  of  devices  to  spray  the  water  into  the  air  is  effective 
on  the  small  scale  of  the  model,  but  costly  pool  construction  is  neces- 
sary on  the  large  scale  to  receive  the  faUing  water,  and  doubt  was 
felt  as  to  the  advisability  of  raising  so  much  water  into  the  air  in 
ignorance  of  the  laws  of  air  friction.  Provision  against  damage  by 
splashing  and  spreading  under  heavy  discharge  would  also  be  very 
expensive. 

4.  A  device  to  eliminate  energy  by  so  forming  the  outlet  channel 
as  to  reverse  some  of  the  current  and  to  form  horizontal  eddies  was 
rejected  because  the  divided  currents  were  unstable  under  various 
tail  water  conditions,  and  because  the  effluent  tended  to  be  concen- 
trated at  the  sides  of  the  outlet  channel.  Its  cost  on  the  large  scale 
would  also  be  excessive. 

5.  For  large  structures,  the  hydraulic  jump  is  the  most  practicable 
method  of  securing  the  desired  elimination  of  energy.  Its  certainty 
to  occiu:  is  demonstrated  by  observations  below  many  high  spillway 
dams,  and  the  manner  of  seeming  it  at  conduit  mouths  is  established 
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by  these  experiments.  Its  use  is  economical  and  safe,  and,  since  it  is 
governed  by  a  known  theoretic  law,  its  position  and  magnitude  are 
capable  of  fairly  definite  calculation. 

6.  To  secure  a  stable  and  uniform  jump,  the  water  entering  it 
should  be  in  the  form  of  a  sheet  of  uniform  thickness  and  velocity 
across  the  channel.  This  condition  can  be  secured  in  the  channel 
below  a  conduit  by  providing  a  smooth  and  gradual  expansion  in  the 
sides  of  the  channel,  so  shaped  as  to  insure  continuous  contact  between 
the  spreading  water  and  the  sides.  The  sides  should  be  tangent  to 
the  conduit  walls  and  should  not  be  concave  toward  the  water  until 
the  jump  is  passed.  The  bottom  oT  the  channel  should  be  gradually 
depressed  below  the  outlet,  so  that  at  the  point  where  the  jump  is 
desired,  there  shall  be  sufficient  depth  of  tail  water  to  produce  it. 

7.  Where,  as  in  the  case  of  The  Miami  Conservancy  District  dams, 
the  occurrence  of  the  jump  is  desired  through  a  wide  range  of  discharge 
and  tan  water  conditions,  the  position  of  the  jump  can  be  confined 
within  narrow  limits  by  causing  it  to  occur  on  a  floor  sloping  down- 
ward from  the  conduit  outlets.  This  may  be  steepened  indefinitely 
provided  that  it  does  not  lie  below  the  parabohc  path  of  the  water 
issuing  as  a  jet  from  the  conduit  opening,  and  provided  further  that 
sufficient  length  of  channel  be  arranged  to  permit  the  water  to  spread 
into  a  thin  and  nearly  uniform  sheet  above  the  region  of  the  jump. 

8.  When  more  than  one  conduit  discharges  into  the  same  outlet 
channel,  as  is  uniformly  the  case  in  the  Conservancy  dams,  a  con- 
centration of  flow  is  produced  at  the  junction  of  the  spreading  water 
from  the  conduits.  Inequality  in  discharge  from  several  conduits 
produces  the  same  effect.  In  either  case  there  is  an  irregular  jump, 
accompanied  by  a  concentration  of  flow  in  some  part  of  the  channel 
below  with  erosive  velocities.  This  concentration  is  prevented  by  the 
use  of  one  or  more  submerged  weirs  below  the  jump,  which  baffle  and 
distribute  the  concentrations. 

9.  When  the  flow  is  equal  in  the  several  conduits,  the  submerged 
or  baffling  weir  cannot  be  below  a  certain  minimum  height,  depending 
upon  the  degree  of  irregularity  in  flow  above  the  jump,  but  weirs  of 
varying  height  above  this  minimum  are  equally  satisfactory.  When 
the  flow  from  the  conduits  is  decidedly  unequal,  however,  as  may 
occur  when  one  is  obstructed  temporarily,  a  high  weir  becomes  neces- 
sary, the  most  satisfactory  height  appearing  to  be  about  one-half  the 
depth  of  the  tail  water  at  maximum  discharge.  The  addition  of  a 
second  weir  below,  of  equal  or  greater  crest  elevation,  still  further 
checks  the  tendency  toward  concentration. 

10.  When  a  sufficient  body  of  water  is  maintained  above  the  weirs, 
both  in  depth  and  length,  to  insure  the  formation  of  a  jump,  the  depth 
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of  the  channel  below  the  weirs  depends  only  upon  the  mean  velocity 
which  may  be  allowed  on  the  material  of  the  channel  bed. 

11.  Roughening  the  floor  of  the  channel  above  the  jump,  increases 
the  channel  friction,  diminishes  the  velocity,  leaves  less  work  for  the 
jump  to  do,  and  increases  its  stability. 

12.  The  use  of  a  baffle  weir  in  the  floor  tends  to  cause  the  water  to 
rise  in  the  air  in  a  sheet,  eliminating  the  jump.  This  must  be  pre- 
vented by  maintaining  an  adequate  depth  of  tail  water  over  the  weir, 
to  which  end  a  second  weir  contributes,  and  by  checking  the  velocity 
as  much  as  possible  above  the  jump  by  roughening  the  floor. 

These  conclusions  are  embodied  in  the  form  of  outlet  shown  in 
figure  37,  which  was  developed  for  use  with  twin  conduits.     It  can 


,-Approximote  toil_water  


FIG.  37. 


Section  on  A-A 
-ADOPTED  TYPE  OF  OUTLET  STRUCTURE. 


be  readily  modified  so  as  to  provide  for  one,  or  for  more  than  two 
conduits. 

Other  methods  of  dissipating  energy  may  perhaps  be  employed 
to  better  advantage  with  smaller  discharges  or  under  special  conditions. 
Sections  XYIII  to  XX  describe  the  results  of  experimental  studies 
upon  other  types. 

The  investigations  showed  that  the  hydraulic  jump,  when  properly 
controlled,  is  a  most  convenient  and  practicable  method  of  eliminating 
the  energy  of  flowing  water.  That  its  use  has  not  been  more  extensive 
in  the  past  has  been  largely  due  to  uncertainty  in  regard  to  the  theoretic 
law,  for  until  recently  there  was  divergence  among  authorities,  and 
experimental  data  were  incoRclusive.  The  recent  experiments  of 
Professor  Gibson,  in  conjunction  with  those  herein  described,  are 
believed  to  have  dispelled  this  uncertainty  and  to  have  opened  up  a 
promising  field  to  the  designer  of  hydraulic  works. 
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SECTION  XV.— EXPEKIMENTAL  PLANT 

The  experimental  plant  used  in  the  summer  of  1916  is  shown  in 
figures  38  and  39.  During  the  fall  of  1915^  no  baffle  tank  was  used 
and  a  single  conduit  entered  one  end  of  the  model  tank.  Figure  40 
shows  the  interior  of  the  model  tank  with  the  single  conduit  in  the 
background  and  a  channel  in  the  center  arranged  for  the  study  of 
the  law  of  the  hydraulic  jump.  Other  arrangements  of  the  interior 
were  made  from  time  to  time. 

Water  was  supplied  by  a  14-inch  double  suction  centrifugal  pump, 
driven  by  a  50  H.  P.  induction  motor.  The  delivery  main  was  14 
inches  in  diameter  and  included  a  Venturi  meter  with  a  Simplex 
Manometer,  the  latter  being  housed  in  the  small  building  adjoining 
the  pump  house.    Gate  valves  in  the  suction  pipe  and  beyond  the 
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FIG.  38.— PLAN  AND  ELEVATION  OF  EXPERIMENTAL  PLANT. 


meter  permitted  regulation  of  the  flow,  which  could  be  read  by  the 
scale  of  the  manometer  up  to  10  second  feet.  For  the  single  conduit 
experiments  a  short  transition  section  of  galvanized  iron  connected 
the  14-inch  round  pipe  with  the  model  tank,  the  outlet  end  being  a 
reproduction  on  a  one-sixteenth  scale  of  the  conduit  tentatively  designed 
for  the  Germantown  dam,  this  being  a  three  centered  horseshoe  shaped 
arch  with  a  dished  invert. 

The  model  tank  was  rectangular  in  form,  open  at  the  end  opposite 
the  conduit  entrance,  and  originally  2?  feet  long;  the  depth  of  water 
in  the  tank  could  be  regulated  by  weir  boards  at  the  open  end.  In 
1916  it  was  lengthened  by  6  feet  and  the  baffle  tank  was  constructed. 
Two  short  conduits  with  rounded  entrances  led  from  the  baffle  tank 
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FIG.  40.— INTERIOR  OF  MODEL  TANK. 


HYDRAULIC  JUMP  AS  MEANS  OF  DISSIPATING  ENERGY       67 

to  the  model  tank.    The  experiments  upon  the  control  of  the  hydraulic 
jump  were  mainly  conducted  in  this  modified  plant. 

Discharges  were  measiured  by  the  Ventiuri  meter;  velocities,  when 
permitted,  by  a  small  Price  meter,  and,  when  the  depths  were  too 
small  and  the  values  too  high  for  the  use  of  the  meter,  by  Pitot  tubes. 
The  Venturi  meter  was  calibrated  by  the  use  of  a  sharp  edged  weir  in 
the  model  box,  and  found  to  give  values  correct  within  three  per  cent. 
The  current  meter  had  been  rated  at  the  Rennselaer  Polytechnic 
Institute,  and  the  Pitot  tubes  were  calibrated  on  the  work.  In  the 
fall  of  1915,  glass  tubes  were  used,  these  being  bent  and  drawn  down 
to  a  point.  They  were  calibrated  by  making  velocity  cross  sections 
of  flow,  with  the  tube,  and  computing  the  discharge.  These  discharges 
when  referred  to  the  Venturi  meter  readings  were  uniformly  too  high, 
and  in  about  the  same  ratio  for  different  discharges  and  different  sizes 
of  tube.  Eight  observations  on  three  tubes  indicated  that  the  velocity 
measurements  obtained  by  the  tubes  were  to  be  multiplied  by  the 
factor  0.875  to  obtain  true  velocities. 

Later  a  brass  blow  pipe  tube  was  adapted  by  connecting  its  bent 
tip  to  a  glass  tube.  This  tube  when  caUbrated  in  1916  by  the  flow 
from  a  sharp  edged  orifice  in  the  baffle  tank  gave  a  coefficient  of  unity. 
Unfortunately  the  glass  tubes  were  fragile  and  easily  destroyed,  and 
none  of  them  were  available  after  the  orifice  was  provided. 

Depths  were  measured  by  a  contact  gage,  shown  in  figure  40, 
consisting  of  a  steel  rod  attached  to  a  vertical  scale  with  a  vernier, 
all  being  supported  upon  a  beam  across  the  model  tank.  The  bottom 
of  the  rod  was  rounded  at  first  but  in  1916  was  cut  to  a  sharp  point. 
This  gage  when  used  on  water  at  high  velocity  tended  to  give  results 
too  large,  inasmuch  as  the  surface  was  always  somewhat  uneven  in 
character  and  the  tendency  was  always  to  touch  the  high  places.  In 
the  1916  experiments,  depths  were  measured  in  the  lower  part  of  the 
model  box  by  two  piezometers  connected  to  the  floor  of  the  channel 
at  each  side  thereof.    These  observations  were  more  satisfactory. 

In  so  far  as  observations  were  used  to  check  theoretic  formulas, 
the  apparatus  was  too  crude  to  secure  results  of  high  precision,  as  will 
be  observed  below  in  the  discussion  of  experiments  upon  the  hydraulic 
jump.  There  was  also  so  much  turbulence  in  the  water,  in  the  greater 
number  of  the  experiments,  that  most  measurements  were  necessarily 
approximate.  The  current  meter,  for  instance,  was  used  occasionally 
where  the  turbulence  was  so  great  that  the  discharges  computed  from 
its  indications  were  over  50  per  cent  above  the  known  values.  How- 
ever, the  experiments  were  primarily  qualitative  in  character,  and 
aimed  to  test  the  comparative  behavior  of  various  types.  From  this 
point  of  view,  much  latitude  in  the  precision  of  measurements  was 
allowa|;>le. 
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In  the  following  discussion,  a  large  amount  of  material  has  been 
condensed,  and  only  essential  points  have  been  treated.  The  actual 
work  of  performing  the  experiments  occupied  nearly  five  months, 
while  the. office  investigations  and  preparation  of  reports  consumed 
several  months  more.  All  important  conclusions  were  verified  by 
many  observations,  and  detailed  measurements  in  experiments  of 
importance  were  always  checked.  The  relation  of  the  work  to  its 
ultimate  use  in  design  was  constantly  kept  in  mind,  and  observa- 
tions were  always  made  of  peculiarities  which  would  be  of  importance 
in  the  design  of  the  works,  even  though  they  might  not  be  expressed 
in  definite  terms.    It  is  believed  that  the  work  is  valuable  and  reliable. 

SECTION  XVI.— THE  HYDRAULIC  JUMP 

Although,  as  stated  above,  the  experiments  were  initiated  with  a 
model  of  baffle  piers,  with  other  devices  planned  as  alternatives,  the 
hydraulic  jump  was  soon  seen  to  offer  promises  of  successful  solution 
and  the  investigation  was  finally  concentrated  upon  this  phenomenon. 
It  is  therefore  deemed  best  to  neglect  the  chronologic  order  of  the 
work  in  this  presentation,  and  to  discuss  the  studies  of  the  jiunp 
primarily,  with  additional  notes  upon  the  other  types  studied. 

In  the  hydraulic  jump  water  at  comparatively  high  velocity  and 
small  depth  passes  to  a  stage  of  low  velocity  and  great  depth  controlled 
by  structures  or  other  conditions  in  the  channel  below.  It  is  charac- 
terized by  a  rise  in  the  surface  of  the  water  and  by  more  or  less  turbu- 
lence and  loss  of  head,  the  degree  of  the  latter  depending  upon  the 
magnitude  of  the  jump.  The  jump  regularly  occurs  at  the  foot  of 
spillway  dams  and  is  often  seen  when  water  discharges  through  a 
sluice  gate  into  a  channel  of  the  same  width  as  the  gate. 

The  jump  has  been  studied  experimentally  and  theoretically  for 
over  a  hundred  years  with  rather  inconsistent  results.  Several 
theoretic  treatments  have  been  developed  showing  the  relations 
between  velocities  and  depths- above  and  below  the  jump.  Of  these 
the  soundest  is  based  upon  the  law  of  conservation  of  momentum, 
and  was  first  advanced  by  Belanger  in  1838.*  Among  English  writers 
it  is  generally  ascribed  to  Professor  Unwin,t  although  others  have  de- 
veloped the  same  treatment  independently.  The  law  of  the  jump  in 
rectangular  channels  is  most  frequently  stated  thus: 


D^=-^  +  Ji^  + 


*  See  Bresse,  Gouts  de  M^chanique  Appliqude,  Paris,  1860.    Pt.  II,  Sec.  IV. 
t  See  Encyclopedia  Britannica,  9ih  Edition,  Vol.  12,  p.  499. 
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where  Di  =  depth  above  the  jum  p, 
D%  =  depth  below  the  jump, 
Vi  =  velocity  above  the  jump, 
g    =  acceleration  of  gravity. 

The  demonstration  of  this  formula  is  given  in  the  paper  by  Pro- 
fessor S.  M.  Woodward,  entitled  "  Theory  of  the  Hydraulic  Jump  and 
Backwater  Curves,"  published  herewith,  where  some  analysis  is  also 
given  of  the  behavior  of  the  water  within  the  jump. 

The  above  equation,  which  is  herein  called  the  momentum  formvla, 
may  be  readily  changed  to  the  form 

Hi 


J«  +  /  =  4^^ 


where  /    =  TtT  > 


ffi  —  -x-  =  velocity  head  above  the  jiunp. 

The  physical  significance  of  the  law  is  more  apparent  in  this  form, 
for  it  is  seen  that  the  greater  the  ratio  of  velocity  head  to  depth  above 
the  jump,  the  greater  must  be  the  jump.  The  curve  of  this  equation 
is  plotted  on  figure  41,  so  as  to  compare  readily  the  various  experi- 
mental data  available.    With  it  is  plotted  the  equation 

which  would  govern  the  relations  between  velocity  and  depths  if 
there  were  no  loss  of  energy  in  the  jump.  Experiments  which  plot 
below  this  line  indicate  a  loss  of  energy,  while  those  plotting  above  it 
indicate  a  gain,  which  is  impossible.  The  credibility  of  various  experi- 
ments is  largely  determined  by  reference  to  this  line.  It  will  be 
observed  that  the  two  curves  coincide  when  7  =  1  and  HilDi  =  0.5, 
that  is,  at  the  critical  depth. 

Recorded  Experiments  upon  the  HydrauUc  Jump 

The  earliest  recorded  experiments  are  those  of  Bidone,*  made  in 
1818  in  a  rectangidar  trough  1.066  feet  wide.  These  have  been  fre- 
quently quoted,  but  the  magnitude  of  the  jimip  observed  was  too  small 
to  afford  verification  of  any  law.  Moreover,  his  experiments,  as  well 
as  others,  suffered  from  the  difficulty  of  measuring  the  physical  quanti- 
ties with  accuracy.    His  results  are  plotted  upon  figure  41,  where  it 

♦  Transactions,  Royal  Society  of  Turin,  1819,  pp.  2I-18O. 
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is  seen  that  they  tend  to  fall  outside  the  limiting  curve  of  no  loss  of 
energy.    His  results  are  also  given  in  table  1. 

Table  I,— Bidone's  Obseryations  on  tlie  Hydraulic  Jump 


Scfks 

ObmmMona 

Di 

Vi 
Faet  per 

ih 

J 

Si 

Si 

InScrlM 

Veet 

Moond 

FMt 

Feel 

Ih 

I 

4 

0.154 

4.47 

0.431 

280 

0.310 

2.02 

II 

5 

.209 

5.57 

.630 

3.01 

.481 

2.30 

III 

3 

.243 

6.35 

.749 

3.08 

.627 

2.58 

IV 

4 

.150 

4.57 

.414 

2.76 

.324 

2.16 

In  1856  Darcy  and  Bazin  made  some  observations  in  a  rectangulac 
timber  conduit  6.53  feet  wide.*  They  were  subject  to  the  same 
limitation  of  small  amplitude,  and  some  of  the  observations  fall  out- 
side of  the  limiting  curve.  They  have  not  been  included  in  figure  41, 
because  it  was  felt  that  their  inclusion  would  shed  no  light  upon  the 
verification  of  the  law. 

Some  observations  were  made  at  Lehigh  University,  in  1894  by 
Robert  Ferriday,  in  a  trough  0.66  foot  wide  in  which  greater  amplitudes 
were  reached,  f  These  are  given  in  table  2  and  are  platted  on  figure  41 
where  they  are  seen  to  verify  the  momentum  formula  substantially. 

Table  2. — ^Feiriday's  Observationa  on  the  Hydraulic  Jump 


S«lei 

ObecnraUoM 

A 

Vi 

Feet  pcF 

Df 

J 

ifi 

fft 

InSerieB 

Feet 

■eooDd 

Jreet 

Feet 

Ih 

I 

3 

0.050 

2.18 

0.143 

2.86 

0.074 

1.48 

II 

5 

.044 

2.98 

.160 

3.41 

.138 

3.14 

III 

6 

.036 

3.56 

.153 

4.25 

.196 

5.45 

IV 

5 

.033 

3.66 

.168 

5.10 

.207 

6.28 

V 

3 

.095 

4.39 

.267 

2.81 

.298 

3.14 

VI 

4 

.083 

5.02 

.285 

3.44 

.390 

4.70 

VII 

3 

.071 

5.02 

.290 

4.08 

.390 

5.50 

IX 

4 

.055 

3.50 

.162 

2.95 

.190 

3.46 

X 

4 

.046 

3.95 

.175 

3.80 

.242 

5.26 

XI 

5 

.042 

4.06 

.188 

4.48 

.255 

6.08 

XII 

4 

.038 

4.33 

.205 

5.40 

.290 

7.64 

However,  the  best  verification  of  the  momentum  law  is  afforded 
by  the  experiments  of  Professor  A.  H.  Gibson  4  of  Dundee,  Scotland. 
His  work  was  carried  on  in  a  flume  3  feet  wide,  the  height  of  tail  water 
being  determined  which  would  bring  the  jump  close  to  a  rectangular 

*  See  Eecherches  Hydrauliques,  Paris,  1865,  pp.  284r-292. 
t  See  Transactions,  Am.  Soc.  C.  E.,  Vol.  80,  p.  385. 

i  Prooeedings  Inst.  C.  E.,  Vol.  197,  p.  233.  Also  Trans.  Am.  Soc.  C.  E.,  Vol. 
80,  p.  413. 
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opening  at  the  bottom  of  the  flume,  corresponding  to  a  sluice  gate. 
His  observations  have  a  greater  degree  of  precision  than  any  previous 
ones,  and  also  extend  through  a  greater  range.  The  results  are  given 
in  table  3  and  the  verification  of  the  law  which  they  furnish  is 
almost  startling,  see  figure  41. 


Table  3. — Gibson's  Observatioiis 

on  tlie  Hydraulic  Jump 

FkrieB 

A 

Vi 

J>t 

J 

Bi 

m 

Feet 

Feet  per  eeoond 

Feet 

Feet 

Di 

A 

0.0735 

4.30 

0.265 

3.61 

0.288 

3.92 

.0731 

5.82 

.350 

4.79 

0.526 

7.20 

.0730 

7.20 

.455 

6.23 

0.805 
l.df79 

11.03 

.0729 

8.33 

.530 

7.28 

14.82 

.0728 

8.95 

.570 

7.83 

1.245 

17.11 

.0730 

9.74 

.612 

8.39 

1.474 

20.22 

. 

.0728 

11.66 

.760 

10.44 

2.110 

29.00 

.0727 

13.12 

.850 

11.69 

2.676 

36.80 

B 

0.1465 

3.45 

0.267 

1.82 

0.185 

1.26 

.1395 

5.68 

.467 

3.35 

0.501 

3.59 

.1390 

6.82 

.587 

4.22 

0.723 

5.20 

.1390 

8.39 

.726 

5.22 

1.093 

7.86 

.1390 

9.40 

.808 

5.81 

1.372 

9.88 

.1390 

10.53 

.910 

6.55 

1.725 

12.41 

C 

0.2075 

4.43 

0.419 

2.02 

0.305 

1.47 

.2070 

4.53 

.440 

2.12 

.318 

1.54 

.2048 

5.34 

.530 

2.59 

.443 

2.16 

.2046 

6.09 

.575 

2.81 

.575 

2.82 

.2040 

6.63 

.678 

3.32 

.684 

3.36 

.2043 

7.05 

.684 

3.34 

.772 

3.77 

.2043 

7.24 

.735 

3.59 

.813 

3.98 

The  investigations  of  the  Miami  Conservancy  District  had  de- 
veloped a  number  of  observations  upon  the  jump  when  the  discussion 
of  Kennison's  paper  in  the  Proceedings  of  the  American  Society  of 
Civil  Engineers  called  attention  to  the  previously  unknown  work  of 
Gibson  and  Ferriday.  The  work  of  the  District,  in  connection  with 
that  of  the  other  investigators,  is  held  to  establish  completely  the 
accuracy  of  the  momentum  formula,  and  being  hitherto  unpublished 
is  described  below  in  detail.  .  As  will  appear,  the  methods  employed 
were  not  of  the  order  of  precision  obtained  by  Gibson,  but  the  fact 
that  they  were  obtained  in  a  channel  of  different  form  and  with 
greater  depths  in  many  cases,  increases  their  value. 

Researches  of  The  Miami  Conservancy  District 

The  experiments  upon  the  height  of  jump  were  arranged  in  three 
series,  which  differ  as  to  the  form  of  channel  and  the  methods  of 
measurement,  see  figure  42.    In  Series  1  the  discharge  of  the  conduit 
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was  permitted  to  spread  over  the  floor  of  the  model  tank  in  a  thin 
sheet}  a  jimip  being  formed  when  the  water  level  in  the  downstream 


T^^TT 


T 


^^  'Side  wave 

/^••Approximate  limit 
9"  /^      of  spreading  water 


r-Typlcal  position 
of  beginning  of 
jump 


f  #^*t 


21-0 


*i   .. 


4 


Plan  of  Channel -Series  I 


3 


^^  Ati:=='"Level  floor ^i 


m 


J. 


Typical  Longitudinal  Section -Both  Series 

FIG.  42— FORMS  OF  CHANNEL  USED  IN  EXPERIMENTAL  STUDY 

OF  THE  HYDRAUUC  JUMP. 

end  of  the  tank  was  raised  by  the  insertion  of  weir  boards.  Figure  43 
shows  the  nature  of  the  flow  without  a  weir,  with  surface  contours  and 
cross  sections,  and  indicates  that  the  sheet  becomes  nearly  uniform  in 
depth  as  the  distance  from  the  outlet  increases.  The  position  of  the 
jump  was  observed  to  shift  materially  with  small  changes  in  the  height 
of  the  outlet  weir  and  in  the  consequent  depth  of  water.    When  the 
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depth  was  made  so  great  as  to  cause  the  jump  to  move  into  the  spread- 
ing stream^  the  jump  lost  its  character,  and  turmoil  and  concentration 
of  flow  ensued  in  the  lower  part  of  the  tank. 

In  Series  1  the  observations  on  the  height  of  the  jump  were  made 
on  the  center  Une  of  the  model  tank,  being  confined  to  cases  where  the 
jump  was  straight  and  at  right  angles  to  the  center  line  of  the  tank. 
Depths  were  determined  with  the  contact  gage,  and  the  velocity  above 
the  jump  was  measured  with  glass  Pitot  tubes. 
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FIG.  43.— CONTOURS  AND  CROSS  SECTIONS  OF  OUTFLOWING 

WATER,  SERIES  1. 

Jet  emerges  on  smooth  level  floor  and  gradually  spreads  laterally  until  it  sfirikes 
side  walls,  where  it  produces  a  marked  roll. 


Measurements  were  taken  at  vertical  intervals  of  not  more  than 
0.02  foot  and  to  the  mean  velocity  was  applied  the  coefficient  of  0.875 
to  obtain  the  true  mean  velocity  Vi,  see  page  11.  The  observations 
of  this  series  are  summarized  in  table  4  and  are  plotted  on  figure  41, 
the  former  giving  the  position  of  the  beginning  of  the  jump,  with 
reference  to  the  inlet  end  of  the  model  box,  as  well  as  the  observed  and 
computed  quantities.  It  is  to  be  noted  that  the  values  of  Hi/jDi 
range  from  5.12  to  37.00  in  this  table,  while  the  values  of  J(=  JDj/JDi) 


HYDRAULIC  JUMP  AS  MEANS  OF  DISSIPATING  ENERGY       75 

are  from  2.54  to  12.80.    These  apply  to  a  far  wider  range  of  channel 
conditions  than  do  the  results  of  any  other  experiments  except  Gibson's. 


Table  4.— The 


i  Conservancy  District's  Observations  on  the  Hydraulic  Jump, 

Series  1 


Run 

Pofttionor 

A 

Feet  per 

Dt 

J 

Hi 

M 

Jump.    Feet 

Feet 

second 

Feet 

Feet 

A 

1 

17.2 

0.050 

4.07 

0.22 

4.40 

0.256 

5.12 

2 

19.2 

.050 

4.94 

.25 

5.00 

0.377 

7.54 

3 

14.7 

.055 

6.85 

.40 

7.27 

0.725 

13.18 

4 

16.0 

.065 

8.44 

.48 

7.39 

1.100 

16.93 

5 

17.7 

.055 

6.56 

.35 

6.36 

0.666 

12.12 

6 

12.8 

.070 

8.16 

.48 

6.86 

1.037 

14.81 

7 

15.4 

.050 

7.97 

.44 

8.80 

0.984 

19.68 

8 

17.5 

.065 

7.36 

.42 

6.47 

0.839 

12.92 

9 

16.8 

.220 

5.54 

.56 

2.54 

0.479 

2.16 

10 

12.0 

.070 

9.79 

.56 

8.00 

1.490 

21.30 

11 

16.5 

.045 

10.36 

.58 

12.80 

1.665 

37.00 

12 

11.0 

.085 

11.15 

.67 

7.88 

1.930 

22.70 

13 

11.0 

.075 

11.07 

.68 

9.13 

1.900 

25.35 

14 

13.0 

.060 

11.53 

.66 

11.00 

2.060 

34.33 

15 

13.2 

.085 

9.90 

.65 

7.65 

1.525 

17.95 

16 

13.5 

.090 

10.68 

.76 

8.44 

1.770 

19.70 

17 

16.0 

.085 

11.26 

.74 

8.70 

1.968 

23.18 

18 

12.0 

.110 

11.43 

.82 

7.46 

2.030 

18.45 

19 

15.0 

.090 

11.46 

.82 

9.10 

2.040 

22.67 

20 

14.0 

.100 

12.72 

.91 

9.10 

2.520 

25.20 

21 

14.0 

.110 

13.70 

1.05 

9.55 

2.920 

26.55 

22 

14.0 

.110 

14.93 

1.15 

10.44 

3.465 

31.50 

The  experiments  of  Series  1  give  points  which  verify  the  theoretic 
curve  fairly  well,  although  most  of  them  fall  below  it.  This  dis- 
crepancy is  believed  to  be  largely  explained  by  the  depth  measure- 
ments, which  are  believed  to  have  been  generally  too  high  above  the 
jump,  as  explained  on  page  67.  Sufficient  data  was  not  available  to 
detormine  a  definite  depth  correction.  However,  if  any  observed 
value  of  Di  be  supposed  to  be  diminished  by  a  definite  amount  it  is 
obvious  that  the  corresponding  value  of  J  will  be  increased  more  than 
the  corresponding  value  of  Hi/Di,  and  the  plotted  point  will  fall 
closer  to  the  curve.  For  instance,  in  experiment  10,  where  Vi  —  9.79, 
and  Dt  —  0.56,  let  2>i  be  assumed  to  have  the  value  0.06  instead  of 
0.07.  Then  J  «  0.56/0.06  =  9.33  and  Hi/Di  =  24.8.  The  point 
representing  these  values  plots  close  to  the  curve,  see  10a  on  figure  41. 
It  has  not  been  considered  justifiable  to  apply  an  arbitrary  correction 
to  all  the  observations,  but  the  existence  of  the  above  tendency 
explains  the  discrepancy. 
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The  experiments  of  Series  2  were  made  in  a  trough  whose  vertical 
sides  were  tangent  to  the  conduit  and  flared  slowly  in  the  manner 
shown  in  figure  42.  The  floor  of  the  trough  was  horizontal  and  the 
depth  of  water  was  regulated,  as  before,  with  weir  boards.  In  this 
series  the  depths  were  measured  above  and  below  the  jump  with  the 
contact  gage,  the  mean  of  several  measurements  across  a  section 
being  taken  as  the  mean  for  that  section.  The  mean  velocity  above 
the  jump  was  obtained  by  dividing  the  discharge  by  the  area  of  the 
cross  section.  Several  observations  were  taken  with  the  jump  close 
to  the  conduit  outlet,  but  were  discarded  because  the  depth  measure- 
ment was  uncertain  and  because  it  was  believed  that  the  water  had 
not  adjusted  itself  to  the  changed  channel  section. 

These  experiments  seem  more  consistent  than  do  those  of  Series  1, 
the  principal  reason  probably  being  that  the  depth  determinations 
above  the  jump  were  more  accurate.  The  mean  velocity  above  the 
jimip  is  also  more  accurate,  while  the  depths  below  are  no  less  so. 


Table  5. — ^The  Miami  Conservancy  District's  Observations  on  the  Hydraulic  Jump 

Series  2 


Run 

Poeltloii  of 

Di 

n 

Feet  per 

Df 

J 

Hi 

-Hi 

JumiK    Feet 

Feet 

'second 

Feet 

Feet 

A 

100 

5.5 

0.32 

6.60 

0.84 

2.62 

0.675 

2.11 

101 

11.0 

.22 

5.73 

0.60 

2.73 

0.510 

2.32 

102 

9.0 

.24 

6.15 

0.73 

3.04 

0.586 

2.44 

111 

14.2 

.17 

7.95 

0.70 

4.11 

0.980 

5.76 

112 

10.0 

.24 

7.57 

0.85 

3.54 

0.890 

3.71 

113 

7.5 

.34 

6.68 

1.00 

2.94 

0.691 

2.03 

114 

5.4 

.39 

7.27 

1.06 

2.72 

0.818 

2.10 

119 

4.3 

.48 

8.35 

1.35 

2.82 

1.080 

2.25 

120 

9.3 

.31 

7.75 

1.05 

3.39 

0.932 

3.01 

121 

13.3 

.21 

8.52 

0.87 

4.14 

1.125 

5.36 

122 

12.5 

.24 

9.46 

1.07 

4.46 

1.385 

5.78 

124 

9.0 

.32 

9.25 

1.27 

3.97 

1.33 

4.15 

125 

6.3 

.38 

10.10 

1.38 

3.63 

1.580 

4.16 

129 

3.7 

.55 

11.05 

1.77 

3.22 

1.890 

3.44 

130 

6.2 

.42 

10.83 

1.59 

3.78 

1.820 

4.34 

131 

8.8 

.33 

10.72 

1.43 

4.33 

1.780 

5.40 

132 

11.7 

.27 

10.28 

1.30 

4.81 

1.640 

6.07 

135 

11.8 

.29 

10.93 

1.43 

4.94 

1.850 

6.38 

136 

9.0 

.35 

11.26 

1.59 

4.54 

1.965 

5.62 

137 

6.5 

.40 

12.60 

1.70 

4.25 

2.420 

6.04 

138 

4.5 

.49 

12.83 

1.90 

3.88 

2.550 

5.20 

139 

2.0 

.85 

10.37 

2.07 

2.44 

1.66 

1.95 

142 

2.0 

.87 

11.18 

2.24 

2.58 

1.93 

2.23 

143 

4.5 

.52 

13.62 

2.07 

3.98 

2.875 

5.54 

144 

8.5 

.36 

12.88 

i.74 

4.83 

2.560 

7.12 

145 

11.0 

.34 

11.12 

1.54 

4.53 

1.920 

5.65 

146 

13.5 

.30 

11.78 

1.64 

5.47 

2.150 

7.17 

147 

9.5 

.33 

14.50 

1.83 

5.55 

3.26 

9.83 

148 

5.0 

.54 

13.70 

2.10 

3.89 

2.910 

5.39 

149 

3.5 

.64 

13.82 

2.25 

3.52 

2.960 

4.63 

150 

3.0 

.69 

13.77 

2.32 

3.36 

2.94 
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MOMENTUM  FORMULA. 
Di  and  Vi  *§s  given,  the  values  of  the  other  two  can  be  read 
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The  latter  measurement  is  not  so  simple  as  might  appear,  for  waves 
and  pulsations  continue  sometimes  for  a  considerable  distance  below 
the  jumpi  and  the  lower  end  of  the  jump  is  not  capable  of  definite 
determination.  Table  5  gives  these  results.  It  should  be  noted 
that  the  depths  Di  are  much  greater  than  in  Series  1,  ranging  from 
0.17  to  0.64|  more  closely  resembling  the  conditions  of  practical  use. 
Yet  the  theoretic  law  is  better  verified  by  these  observations  than  by 
those  of  Series  1. 

The  experiments  listed  as  Series  3,  given  in  table  6,  are  a  few 
misceUaneous  ones.    Those  marked  b-3  and  b-4  were  similar  to  those 

Table  6. — ^The  Miami  Conseryancj  District's  Observatioiis  on  the  Hydraulic  Jump, 

Series  3 


Ron 

Feet 

Vi 
Feet  per  eeoond 

Feet 

J 

Feet 

Jh 

63 
64 
7a 
8a 

0.53 
0.58 
0.195 
0.19 

8.71 
13.00 

6.78 
5.25 

1.33 
2.16 
0.48 
0.47 

2.51 
3.72 
2.46 
2.48 

1.175 
2.63 
0.517 
0.427 

2.22 
4.54 
2.65 
2.24 

of  Series  2,  except  that  the  sides  of  the  trough  were  parallel.  The 
measurements  were  made  in  the  same  way.  Those  marked  7-a  and 
8-a  were  made  in  connection  with  the  experiments  7  and  8  of  Series  1, 
but  were  taken  at  the  side  of  the  model  tank  where  a  side  roU  was 
established  as  shown  in  figure  43.  The  observations  are  plotted  on 
figure  41  where  their  substantial  agreement  with  the  momentum 
formula  is  observed. 

To  more  readily  apply  the  jump  formula  figure  44  has  been  devised. 
This  gives  curves  showing  relationships  between  Fi,  JDi,  Fa  and  i)2, 
such  that  by  entering  the  diagram  with  any  two  of  these  quantities 
the  other  two  may  be  obtained  at  once.  The  use  of  this  diagram 
avoids  all  calculations  within  the  limits  of  its  range.  Its  construction 
is  easily  understood.  For  example,  let  Dz  be  assumed  as  equal  to  1 
in  the  equation 

Then  the  equation  becomes 

Di        g 


ft=-f+ 


^      2VlDi 
Q 


-1, 


which  is  plotted  on  figure  44,  as  the  line  D2  =  1.    A  similar  procedure 
is  foUowed  for  the  other  curves. 

It  cannot  be  denied  that  the  experiments  cited  in  support  of  the 
formula  are  upon  a  small  scale,  and  that  after  all  they  cover  a  com- 
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paratively  limited  range  of  velocities  and  depths.  This  range  is 
shown  graphically  upon  figiure  45  where  all  the  results  of  Gibson, 
Ferriday,  and  the  District  are  plotted.  Inspection  of  this  diagram 
for  verification  of  the  law  is  not  so  easy  as  in  figure  41,  but  it  is  inserted 
to  show  the  limits  of  the  experiments.  The  applicabiUty  of  the 
formula  to  conditions  outside  those  of  the  experiments  rests  largely 
upon  the  fundamental  law  of  conservation  of  momentum.    The  law 
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of  no  loss  of  energy  manifestly  does  not  apply  and  all  others  advanced, 
except  the  momentum  formula,  are  more  or  less  empirical. 

Other  conclusions  deduced  from  the  experiments  are  as  follows: — 

(a)  The  hydraulic  jump  can  be  used  as  a  safe  method  of  reducing 
the  velocities  below  the  conduit  outlets  to  such  values  that  the  current 
wiU  not  dangerously  erode  the  natural  channels. 

(b)  On  a  level  floor  with  low  friction,  for  a  slight  change  in  the 
depth  or  velocity,  the  position  of  the  jump  will  vary  through  a  wide 
range.  Inasmuch  as  the  jump  must  occur  in  the  regulating  works 
under  a  wide  variation  of  discharges  and  depths,  this  was.  objectionable. 

(c)  The  length  of  the  jump  is  approximately  five  times  its  height. 
While  the  beginning  of  the  jump  is  fairly  definite,  its  lower  end  is 
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FIG.  46.— LONGITUDINAL  SECTIONS  OF  HYDRAULIC  JUMPS  SHOW- 
ING LINES  OF  EQUAL  VELOCITY. 

Numbers  on  lines  are  velocities  in  feet  per  second. 
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indefinite,  and  this  figure  represents  merely  a  general  estimate.  The 
lower  end  was  taken  as  the  place  where  the  water  surface  became  and 
remained  sensibly  level,  a  place  which  was  variable  in  position  and 
difficult  to  locate. 

(d)  For  low  values  of  Hi/Di  the  loss  of  head  in  the  jump  is  small, 
while  for  high  values  the  loss  is  great.  This  loss  is  due  to  the  dis- 
turbances in  the  jump;  and,  for  any  value  of  Hi/Di,  it  is  indicated, 
in  a  way,  by  the  difference  in  vertical  ordinates  between  the  curves 
of  figure  41. 

(e)  The  velocity  of  the  water  gradually  diminishes  through  the 
jump,  as  is  indicated  by  the  profiles  in  figure  46.  These  show  lines  of 
equal  velocity  for  jumps  of  quite  different  amplitude.  The  profiles 
are  typical  of  a  number  of  similar  ones,  all  of  which  show  the  region 
of  spray  and  foam  above  an  expanding  stream,  the  surface  of  which 
could  always  be  felt  with  the  contact  gage.  Velocities  were  measiu^d 
with  the  Pitot  tube,  and  are  only  roughly  approximate  on  account  of 
the  influence  of  cross  currents  and  eddies  in  the  water. 

Before  passing  on,  the  profile  on  the  center  line  in  figure  43  should 
be  noted.  The  surface  coincides  for  some  distance  from  the  outlet 
with  the  theoretic  parabolic  path  of  water  discharging  from  the  out- 
let as  from  an  orifice.  The  same  agreement  was  noted  in  later  experi- 
ments with  a  discharge  of  rectangular  section.  This  observation  is 
of  use  in  calculating  the  curve  which  defines  the  limits  of  the  spreading 
water. 

SECTION  XVn.— CONTROL  OF  THE  HYDRAULIC  JUMP 

The  established  theory  of  the  jump  gave  the  depth  of  water  below, 
herein  called  the  tail  water,  which  will  cause  a  flow  of  given  initial 
depth  and  velocity  to  form  a  jump.  The  next  problem  was  to  adapt 
the  jump  to  the  conditions  of  outlet  discharge,  that  is,  to  determine 
such  a  form  of  outlet  channel  as  would  insure  and  localize  the  forma- 
tion of  the  jump.  The  position  of  the  jump  could  not  be  closely 
predicted  when  the  floor  was  level  and  smooth. 

Floor  Roughened  with  Small  Blocks 

Among  the  devices  considered  for  the  reduction  of  velocity  was 
that  of  studding  the  bottom  of  the  channel  with  knobs,  boulders,  or 
small  piers.  To  study  the  probable  effects  of  these  upon  the  jump, 
experiments  were  made  with  the  floor  studded  with  small  }-inch 
blocks  as  shown  in  figure  47,  the  side  of  the  channel  being  shaped  so 
as  to  conform  closely  to  the  natural  spread  of  a  discharge  of  8  second 
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feet;  see  also  figure  43.  It  wa4S  found  that  the  roughened  floor,  while 
eliminating  a  material  portion  of  the  kinetic  energy  of  the  water, 
caused  the  jump  to  be  less  variable  in  position  under  different  dis- 
charge and  tail  water  conditions.     It  also  tended  to  cause  a  more 
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FIG.  47.— PLAN  OF  MODEL  CHANNEL  SHOWING  VELOCITIES 

BELOW  JUMP. 

Discharge  8  second  feet;  floor  level  and  studded  with  {-inch  blocks. 

uniform  depth  above  the  jump.  Figure  47  shows  typical  observations 
on  the  distribution  of  velocity  below  the  jump,  for  flow  of  this  char- 
acter. 

In  order  to  study  still  further  the  effect  of  roughening  the  floor, 
the  side  walls  were  modified  by  sloping  them  at  3  on  1,  and  drawing 
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FIG.  48.— PLAN  OF  FIRST  MODEL  OF  OUTLET  STRUCTURE 

FOR  GERMANTOWN  DAM. 
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them  in  as  shown  on  figure  48;  this  arrangement  conforming  more 
closely  with  the  probable  plan  of  the  outlet  channel.  With  this  form 
three  series  of  experiments  were  conducted,  namely  Series  4,  with  a 
smooth  floor;  Series  5,  with  the  entire  floor  studded  with  f-inch 
blocks;  and  Series  6,  with  l}-inch  blocks.  In  each  of  these  series, 
runs  were  made  with  discharges  of  7,  8,  9,  and  10  second  feet  and 
weir  heights  at  the  end  of  the  tank  of  2f ,  4},  6},  and  8^  inches,  each 
series  therefore  including  16  runs. 

Figures  49  and  50  show  the  performance  at  10  second  feet  with 
the  greatest  weir  height  in  Series  4.    When  the  discharge  was  dimin- 


FIG.  49.— PLAN  OF  FIRST  MODEL  OF  GERMANTOWN  DAM  OUTLET 

SHOWING  VELOCITIES  BELOW  THE  JUMP. 

Discharge  10  seoond  feet;  smooth  floor. 


ished  the  jump  traveled  upstream  and  finally  was  drowned  out  more 
or  less  completely,  with  the  production  of  an  eddy  below,  as  shown  in 
figure  51.  The  same  change  took  place  at  lower  weir  heights,  but 
when  the  weirs  became  quite  low  and  the  discharge  was  high,  the 
water  rose  over  the  end  weir  without  a  jump. 

In  Series  5,  with  the  f-inch  blocks  in  position  and  the  maximum 
discharge  and  tail  water,  the  same  drowning  out  and  eddying  occurred, 
see  figure  52.  A  straight  jump  was  obtained  only  when  the  weir 
height  was  reduced  to  4i  inches,  see  figures  53  and  54,  when  the 
behavior  of  the  jump  was  substantially  as  in  Series  4.  The  obvious 
explanation  is  that  the  velocity  Vi  is  so  reduced  by  friction  that  a 
smaller  depth  below  is  required  to  develop  the  jump.  An  excess  of 
tail  water  on  the  horizontal  floor  therefore  will  tend  to  produce  con- 
centration of  flow  without  a  true  jump. 

In  Series  6,  with  Ij-inch  blocks,  the  same  performance  was  ob- 
served with  high  discharge  and  tail  water.    As  the  weir  height  was 


First  model  of  Germantown  Dam  outlet;  smooth  floor  and  81-inrh  regulating 
weir.  Jump  ie  uniform,  Bymnietrical,  and  square  with  the  aides  of  the  channel) 
while  the  water  flows  away  plariilly  below  the  jump. 


First  model  of  Germantown  Dam  outlet;  smooth  floor  and  8J-inch  repilating 
weir.  Due  to  the  high  tail  water  a  modified  jump  occurred  close  to  the  end  oT  the 
conduit,  with  an  eddy  below  i(. 


FIG.  62.— VIEW  OF  JUMP  IN  SERIES  5,  8J-INCH  WEIR. 

First  model  of  Germontown  Dam  outlet;  floor  studded  with  1-inch  blocks; 
discharge  10  second  feet.  Jump  becomes  unaymmetrical  and  is  finally  drowned  out 
when  lail  water  surface  is  too  high. 


FIG.  53.— VIEW  OF  JUMP  IN  SERIES  5,  4i-INCH  WEIR. 

First  model  of  Germanlown  D&m  oullcl;  floor  studded  with  j-inch  blocks; 
discharge  10  second  feet.  This  was  the  majdnium  height  of  weir  which  would  pei^ 
mit  the  formation  of  a  jump. 
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lowered  the  water  tended  to  shoot  down  the  center  of  the  channel  at 
high  velocity y  the  jump  being  notched  far  downstream  in  the  center 
and  iU  defined. 

The  following  conclusions  were  drawn: 

1.  With  the  blocks  in  use  the  bottom  velocities  below  the  jiunp 
are  diminished  but  the  surface  velocities  tend  to  be  higher. 

2.  The  jump  occurs  sooner  with  the  blocks  than  without  them 
under  the  same  tail  water  conditions. 

3.  When  the  tail  water  is  increased,  with  the  blocks  in  use,  the 
main  stream  tends  to  go  down  one  side  of  the  channel  in  much  the 
same  way  as  in  the  smooth  channel. 
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FIG.  54.— PLAN  OF  FIRST  MODEL  OF  GERMANTOWN  DAM  OUTLET 

SHOWING  VELOCITIES  BELOW  JUMP. 

Floor  studded  with  f-inch  blocks.    Discharge  10  second  feet. 

It  was  believed  that  placing  obstructions  of  this  character  on  the 
bottom  would  lead  to  severe  impact  stresses,  and  that  the  effects  of 
the  obstacles  were  so  compUcated  and  obscure  when  considered  in 
detail,  that  it  was  not  possible  to  formulate  any  definite  law  con- 
cerning them.  Moreover  their  effects  under  high  tail  water  conditions 
were  not  definite,  and  it  seemed  probable  that  in  the  large  scale  con- 
struction, the  bulk  of  the  flow  might  pass  over  them  without  much 
reduction  of  energy.    This  device  was  therefore  considered  unreliable. 

Channel  with  Sloping  Floor 

At  this  point  experimental  work  was  discontinued  for  the  winter 
and  the  problem  was  taken  up  in  the  designing  office.  Tentative 
designs  were  developed  for  the  outlets  at  the  several  dams.  In  each 
of  these  more  than  one  conduit  discharged  into  the  channel,  the 
number  var3dng  with  the  discharge  and  construction  requirements 


84 


MIAMI  CONSERVANCY  DISTRICT 


at  the  several  retarding  basins.  The  walls  of  each  channel  were 
spread  gradually  from  the  outlets  of  the  conduits,  so  as  to  permit  the 
water  to  develop  into  a  thin  sheet;  and  a  sloping  floor  was  provided. 
Calculations  based  upon  the  theoretic  law  of  the  jump  showed  that 
the  latter  would  form  upon  this  slope  under  all  possible  conditions  of 
discharge  and  tail  water. 

But  certain  questions  as  to  the  operation  of  the  channel  seemed  to 
require  answers,  for  example, 

1.  Would  there  be  a  reasonable  agreement  between  the  actual  and 
computed  position  of  the  jump  upon  the  channel  bed? 

2.  Would  the  jump  be  stable,  that  is,  would  it  be  uniform  across 
the  channel,  and  would  the  tail  water  discharge  be  free  from  con- 
centrations of  velocity? 


^Inside  Line  of  Model  Tonk 
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FIG.  55.— PLAN  AND  SECTIONS  OF  SECOND  MODEL  OF  GERMAN- 
TOWN  DAM  OUTLET,  SERIES  A,  SMOOTH  FLOOR. 

3.  What  would  be  the  efifect  of  the  use  of  more  than  one  conduit? 

4.  What  would  be  the  effect  of  partly  or  completely  blocking  one 
conduit? 

5.  What  would  be  the  effect  of  obstructions  in  the  channel? 

The  conclusions  reached  from  the  studies  made  for  the  purpose  of 
answering  these  questions  are  embodied  in  Section  XIV.  They  are 
important  because  they  represent  the  apphcation  of  the  jump  theory 
to  the  problem  of  design  and  because  they  are  believed  to  be  demon- 
strated with  reasonable  conclusiveness. 

The  form  of  channel  shown  in  figure  55  was  used  as  a  starting  point 
for  this  investigation.    It  was  an  exact  reproduction,  on  a  scale  of 
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1  to  16y  of  the  tentative  design  for  the  Germantown  outlet,  which 
will  have  a  capacity  of  10,000  second  feet  when  the  basin  is  filled 
to  the  spillway  level.  The  reduction  in  scale  of  1  to  16  in  linear  dimen- 
sions involved  a  reduction  of  1  to  256  in  the  area  of  the  channels, 
of  1  to  4  in  velocity,  and  of  1  to  16  in  velocity  head;  and  accordingly 
the  discharge  corresponding  to  10,000  second  feet  became  9.74  second 
feet,  and  the  velocity  of  discharge  13.7  feet  per  second.  These  quanti- 
ties were  used  in  most  of  the  experiments  although  others  were  em- 
ployed at  various  times  to  check  the  behavior  of  the  model  under 
varying  conditions  of  flow.  In  these  experiments  the  baffle  tank  of 
figure  38  was  employed  to  secure  similar  flow  in  the  two  conduits. 


Longitudinal  Section 

FIG.   56.— PLAN  AND  SECTIONS  OF  SECOND  MODEL  OF  GERMAN- 
TOWN  DAM  OUTLET,  SERIES  B  TO  E,  FLOOR  STEEPER 

AND  ROUGHENED. 


These  experiments  were  arranged  in  six  groups,  in  each  of  which 
the  form  of  the  sides  and  bottom  of  the  channel  were  constant,  while 
the  discharge  and  tail  water  conditions  were  varied  and  obstructions 
of  diverse  character  were  employed  in  the  channel.  These  series  were 
characterized  as  follows: 

(A)  The  channel  was  of  the  tentative  form  shown  in  figure  55. 

(B)  The  slope  of  the  bottom  was  steepened,  the  side  walls  made 
vertical  and  tangent  to  the  conduit  outlets  whose  shape  was  changed 
accordingly.    A  long  central  nose  was  employed,  as  shown  in  figure  56. 

(C)  The  sloping  floor  was  roughened  by  a  series  of  steps.  These 
were  offset  as  shown  in  figure  56,  to  prevent  rhythmic  vibration  in 
the  bottom.    The  channel  otherwise  was  as  in  Series  B. 
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(D)  The  long  nose  of  Series  B  and  C  was  replaced  by  a  short 
stubby  one. 

(E)  The  stubby  nose  was  replaced  by  one  of  medium  length,  and 
weirs  of  ogee  section  and  varying  height  were  placed  in  the  channel 
below  the  slope. 


Longitudinal  Section 

FIG.  57.— PLAN  AND  SECTIONS  OF  SECOND  MODEL  OF  GERMAN- 
TOWN  DAM  OUTLET,  SERIES  F. 

Ogee  weirs  and  elevated  floor  installed  below  the  jump. 

(F)  This  was  devoted  to  the  efifect  of  raising  the  channel  floor 
below  the  8-inch  ogee  weir,  which  was  proved  to  be  needed  in  the 
previous  experiments,  see  figure  57. 


Results  of  Various  Series  of  Experiments 

Series  A.  The  observed  position  of  the  jump  as  compared  with 
the  computed  position  was  of  primary  interest.  In  computing,  an 
approximate  surface  curve  was  determined  using  an  assumed  value 
for  the  coefficient  of  roughness  of  the  channel.  The  jump  formula 
was  then  appUed  to  the  calculation  of  a  line  called  the  locy^  of  jump, 
giving  the  depth  of  tail  water  necessary  to  produce  a  jump  at  any 
place  with  known  depth  and  velocity.  The  intersection  of  the  latter 
line  with  that  representing  the  tail  water  level  in  any  given  case  gives 
the  position  of  jump,  illustrated  in  figure  58.  This  diagram  is  made 
from  observations  in  Series  B,  but  fully  illustrates  the  above  remarks. 
In  every  case,  the  jump  began  above  the  position  computed  and  ended 
below  it,  as  verified  by  many  observations-throughout  the  experiments. 
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The  end  of  the  jump  is  indefinite,  but  it  is  clearly  below  the  computed 
position.  A  reasonable  assumption  as  to  the  place  where  the  law  of 
the  jump  applies  is  that  it  is  the  section  where  the  velocity  head  of  the 
expanding  water  has  an  average  value.  Inasmuch  as  the  accurate 
measurement  of  velocity  within  the  jump  seems  to  be  impossible, 
this  cannot  be  verified. 

The  tentative  design  was  not  regarded  as  satisfactory  in  the  region 
above  the  jump.     The  offset  between  the  conduit  outlet  and  the  sides 
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FIG.  68.— DIAGRAM  SHOWING  OBSERVED  AND  COMPUTED 
POSITIONS  OF  THE  HYDRAULIC  JUMP. 

Series  B;  normal  discharge  of  9.74  second  feet. 

of  the  channel  resulted  in  a  side  wave  or  roll,  as  illustrated  in  figure  59, 
which  tended  to  rise  above  the  channel  walls.  The  short  stubby  nose, 
illustrated  in  figure  55,  had  about  the  same  effect  as  no  nose  at  all, 
and  was  omitted  in  nearly  all  the  experiments.  The  spreading  water 
from  the  two  conduits  formed,  at  the  line  of  junction,  a  rising  jet, 
clearly  seen  in  figure  59.  The  side  rolls  and  jet  resulted  in  an  uneven 
sheet  above  the  jump,  with  consequent  irregularities  below. 

The  latter  were  noticeable  only  when  the  discharge  exceeded  6 
second  feet.  Below  this  discharge  the  jump  was  straight  and  approxi- 
mately at  right  angles  to  the  center  line  of  the  channel,  and  the  tail 
water  was  even  and  symmetrical  in  character.  Above  6  second  feet  a 
concentration  of  flow  in  the  center  of  the  channel  occurred  and  the 
jump  was  notched  downstream  in  the  center.  A  large  eddy  formed 
with  velocities  as  high  as  &  feet  per  second  at  the  side  of  the  channel 
when  the  normal  discharge  of  9.74  second  feet  was  employed,  as  shown 
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in  figure  60.  Inasmuch  as  the  mean  velocity  of  flow  with  the  depth 
corresponding  to  this  discharge  should  be  about  1.10  feet  per  second^ 
this  condition  was  unsatisfactory. 

Several  devices  were  tried  to  check  the  concentration  of  flow, 
notably  a  partition  wall  in  the  center.    Figure  61  shows  the  effect  of 
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FIG.  61.— DIAGRAM  SHOWING  RESULTS  OBTAINED  BY  INSTALLING 

A  CENTRAL  LONGITUDINAL  PARTITION  OF  VARIOUS 

LENGTHS  IN  THE  EXPERIMENTAL  CHANNEL 

OF  SERIES  A. 


placing  central  partitions  of  various  lengths  in  the  outlet.  However, 
a  far  superior  result  was  achieved  by  placing  a  6-inch  vertical  weir  in 
the  channel  at  the  foot  of  the  slope. 

An  extensive  series  of  observations  was  then  conducted  to  deter- 
mine the  height  of  weir  which  would  give  tke  best  velocity  distribution 
below.    In  these  observations  the  depth  of  tail  water  was  varied  with 


FIG.  59.— VIEW  OF  JUMP  IN  SERIES  A,  4-I.\CH  AND  6-INCH  WEIRS. 

Second  model  of  Oermantown  Dam  outlet,  normal  discharge  of  9.74  second 
feet,  and  two  aubmerged  weirs  3  feel  apart  installed  just  below  the  jump.  Upper 
weir  4  inches  high,  lower  weir  6  inches  high.  These  produced  a  symmetric»l  jump 
with  uniform  velocity  distribution  below  them,  but  the  ofTselH  in  the  channel  walls 
produced  roUe  of  considerable  height  up  the  side  wall^,  and  the  short  notw  caused 
the  formation  of  a  jet  at  the  central  line  of  impact. 


FIG.  60.— VIEW  OF  JUMP  IN  SERIES  A,  NO  WEIRS, 
Secood  model  of  Germantown  Dam  outlet,  normal  discharge  of  9,74  second 
feet.     Jump  was  unsymmetrical,  leading  to  considerable  concentration  of  velocity, 
at  oite  side  of  the  channel  below  the  jump. 


e  mo(lp|  with  Binooth  floor  was  used  in  Scrios  B. 


FIG.  63.— VIEW  OF  JUMP  IN  .SERIES   B,   NO  WEIRS. 
Normal  discharge  of  9.74  scMind  fwl.     With  thia  diai^hai^e,  or  more,  the  jump 
begun  to  be  iinstAble  and  unsatisractory. 
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the  discharge  in  proportion  to  the  corresponding  variation  in  the  full- 
sized  structure  at  the  Germantown  Dam,  thus: 


DiMfaarie, 

Conduit  Velocity, 

Depth  of  TaU 

SeooDdFeet 

Feet  per  ■eeond 

Water,  Feet 

4 

5.6 

1.05 

6 

8.4 

1.14 

8 

11.3 

1.25 

9.74 

13.7 

1.33 

The  chief  results  of  these  experiments  are  shown  in  table  7,  which 
gives  values  of  the  tail  water  velocity  at  a  section  20.5  feet  below  the 
inlet  end  of  the  tank  with  various  weirs.  The  mean  velocities  given 
are  in  general  the  mean  of  7  determinations  at  equal  intervals  across 
the  measurement  section.  Confirmation  is  offered  by  about  30  other 
experiments  with  various  discharges,  here  omitted  for  the  sake  of 
brevity.  It  is  seen  that  any  submerged  weir,  6  inches  or  more  in 
height  at  the  foot  of  the  slope,  equalized  the  flow  sufficiently  to  prevent 
excessive  velocities  in  the  channel  below.  The  best  distribution  was 
secured  by  placing  a  small  weir  on  the  slope  preferably  with  a  higher 
one  below  it.  The  liitter  method,  however,  was  foimd  to  interfere 
with  the  jump  and  to  produce  a  high  boil  over  the  weir.  Upon  the 
large  scale,  therefore,  the  jump  might  not  be  formed.  Moreover,  this 
weir  was  subject  to  greater  velocities  and  higher  impact  effects  than 
one  farther  downstream.  It  was  believed  preferable,  therefore,  to 
employ  a  higher  weir  located  at  or  below  the  foot  of  the  slope.  These 
conclusions  were  confirmed  by  the  observations  at  lower  discharge, 
except  that  below  6  second  feet,  it  seemed  to  make  no  difference 
whether  a  weir  was  employed. 

The  boiling  condition  mentioned  above  is  generally  present  over 
the  weir  whenever  one  is  used,  although  it  is  less  in  intensity  as  the 
height  of  the  weir  is  diminished  or  as  it  is  moved  downstream.  Lower- 
ing the  tail  water  brings  the  jump  downstream  and  finally  causes  it 
to  be  lost,  the  water  then  rising  in  a  thin  sheet  from  the  weir  in  a 
manner  similar  to  that  described  in  Section  XIX.  It  is  essential  to 
have  high  tail  water  over  the  weirs,  and  the  latter  may  be  regarded 
as  regulating  and  stabilizing  the  tail  water  rather  than-  as  directly 
affecting  the  jump. 

With  one  conduit  blocked,  and  partial  discharge  in  the  other,  the 
water  spread  over  the  sloping  floor  and  formed  a  good  jump.  But 
at  the  normal  discharge  of  5.0  second  feet  for  one  conduit,  with  the 
second  conduit  closed,  a  large  eddy  was  produced  below  the  jump, 
which  however  was  stopped  by  placing  a  4-inch  weir  at  the  foot  of  the 
slope.    This  point  was  studied  in  more  detail  later. 
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The  above  conclusions  were  checked  by  a  few  observations  with  a 
discharge  of  12.0  second  feet  and  in  general  by  the  observations  of  the 
later  series. 

Series  B.  The  model  was  changed  by  shortening  and  steepening 
the  slope,  and  by  making  other  alterations  as  described  above.  The 
side  rolls  and  center  jet  were  eliminated,  and  the  water  approached 
the  jump  in  a  thin  sheet  of  approximately  uniform  thickness.  The 
jump  began  as  before,  materially  above  the  computed  position,  and 
ended  below  it,  as  shown  in  figure  58.  In  this  and  the  following  series, 
the  jump  was  straight,  was  approximately  at  right  angles  to  the  center 
line  of  the  channel,  and  was  uniform  in  character.  In  fact  it  was  the 
most  perfect  in  appearance  of  all  obtained  in  these  experiments,  except 
as  explained  below.  With  no  obstructions  in  the  channel,  the  tail 
water  was  satisfactory  at  discharges,  equal  in  both  conduits,  of  less 
than  9.74  second  feet.  But  at  this  value  there  was  a  tendency  for 
the  flow  to  concentrate  at  on  e  side,  see  figures  62  and  63. 

Table  8  shows  velocity  measurements  at  a  section  20  feet  from 
the  inlet  end  of  the  tank,  with  various  weirs  in  use  below  the  jump. 
The  mean  velocity  at  this  section  being  about  1.10  feet  per  second, 
it  is  evident  that  the  flow  was  not  quite  stable  with  no  weirs  at  all, 
but  that  the  velocities  corresponded  quite  satisfactorily  with  the 
distribution  to  be  expected  in  a  natural  flowing  stream  in  the  cases 
where  a  weir  was  employed.  The  bottom  velocities  were  low  in  the 
center,  but  at  the  side  they  approximated  the  mean  for  the  channel 
and  were  regarded  as  satisfactory.  The  best  distribution  seemed  to 
be  obtained  with  low  weirs. 

When  one  conduit  was  blocked,  the  long  nose  prevented  the 
flowing  water  from  spreading  and  the  tail  water  flow  was  concentrated 
at  one  side  of  the  channel  at  high  velocity.  The  shortened  slope  also 
tended  to  prevent  this  discharge  from  spreading,  and  the  channel 
was  in  this  respect  inferior  to  that  of  Series  A.  The  use  of  a  high 
weir  was  subsequently  found  necessary  to  baffle  this  concentration. 

Series  C.  The  effect  of  roughening  the  floor  by  the  series  of  steps 
was  to  materially  diminish  the  velocity  above  the  jump.  This  was 
demonstrated  by  comparative  velocity  measurements  with  a  Pitot 
tube,  with  and  without  the  steps.  As  a  consequence  the  flow  below 
the  jump  was  symmetrical  and  stable  at  all  discharges  if  equal  in 
both  conduits,  although  the  bottom  velocity  tended  to  be  high  in  the 
center  of  the  channel.  This  excess  was  effectively  eliminated  by 
placing  two  low  weirs  below  the  foot  of  the  slope,  see  table  9.  How- 
ever, the  effect  of  blocking  one  conduit  was  the  same  as  in  Series  B. 
An  eddy  was  formed  and  high  velocity  was  produced  on  one  side  of 
the  channel,  which  was  not  satisfactorily  prevented  by  a  weir  less 
than  4  inches  high. 
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It  was  concluded  that  roughening  the  floor  in  this  manner  was 
desirable  and  that  the  method  would  be  free  from  the  impact  stresses 
resulting  from  the  use  of  small  piers  or  boulders  in  the  bottom. 

Series  D.  The  short  nose  used  in  this  series  results  in  a  central 
jet  as  in  Series  A,  see  figure  59,  requiring  a  higher  weir  to  baffle  the 
concentration  than  was  needed  in  Series  B  and  C.  Table  10  indicates 
that  nothing  less  than  a  3f-inch  weir  would  be  satisfactory,  since 
eddies  occur  with  lower  weirs.  This  height  of  weir  was  fairly  effective 
in  checking  eddies  when  one  conduit  was  blocked,  the  water  now  hav- 
ing a  better  opportunity  to  spread.  It  was  decided  that  a  nose  of 
medium  length,  intermediate  between  the  other  two,  should  be  used, 
for  the  subsequent  study. 


FIG.    64.— PLAN    OF   CHANNEL,    SERIES    E,    SHOWING    VELOCITIES 
BELOW  THE  JUMP,  ONE  CONDUIT  PARTLY  CLOSED. 

Discharge  in  north  conduit,  5.0  second  feet;  discharge  in  south  conduit,  1.7 
second  feet;  tail  water  depth,  1.18  feet;  stepped  slope,  and  an  S-inch  ogee  weir 
just  below  foot  of  slope. 

Series  E.  It  was  by  this  time  recognized  that  the  height  of  the 
weirs,  so  far  as  the  normal  discharge  is  concerned,  was  not  of  first 
importance,  and  that  minor  variations  in  tail  water  velocities  from 
this  cause  might  be  safely  neglected.  Inasmuch  as  weirs  of  ogee 
section  would  probably  be  used  in  construction,  several  heights  of 
this  shape  were  tried,  especially  to  compare  their  effects  upon  the 
discharge  obtained  when  one  conduit  was  partly  closed. 

Table  11  shows  velocity  measurements  imder  various  discharges 
and  heights  of  weir,  all  the  measurements  being  taken  at  the  17.0- 
foot  section,  3.5  feet  nearer  the  conduit  outlet  than  heretofore.  The 
8-inch  weir  produced  higher  velocities  at  the  sides  than  did  the  lower 
ones,  indicating  that  the  central  excess  is  more  thoroughly  baffled; 
but  the  variations  from  the  mean  value  of  1.10  feet  per  second  did  not 
seem  to  be  excessive.    With  the  south  conduit  obstructed  so  that  it 
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carried  only  about  40  per  cent  of  the  discharge  in  the  north  one,  that 
is,  with  a  combined  discharge  of  7.0  second  feet,  an  eddy  was  produced 
below  weirs  less  than  8  inches  high  with  excessive  discharge  along  the 
north  side.  With  the  obstruction  lessened  so  as  to  permit  the  dis- 
charges of  the  two  conduits  to  be  in  the  ratio  of  about  75  to  100, 
that  is  with  a  combined  discharge  of  8.6  second  feet,  the  6-inch  and 
8-inch  weirs  gave  satisfactory  tail  water  conditions  while  the  4)-inch 
weir  did  not,  see  figures  64  and  65. 

These  observations  indicated  the  advisability  of  using  a  weir  not 
less  than  8  inches  high,  or  about  half  the  depth  of  tail  water  needed 
to  form  the  desired  jump.    But  velocity  measurements,  with  this 


Beginning  oT  Jump 


longitudinal  Section 


FIG.    66.— PLAN   AND   SECTION,    SERIES   E,   SHOWING   VELOCITIES 

BELOW  THE  JUMP. 

Normal  discharge  of  9.74  second  feet,  S-inch  ogee  weir  just  below  foot  of  stepped 
slope. 

height  and  the  normal  discharge,  indicated  considerable  flow  upstream 
in  the  bottom  of  the  channel  just  below  the  weir.  This  suggested 
that  the  floor  below  the  weir  might  be  raised  with  economy.  The  idea 
was  investigated  in  Series  F. 

Series  F.  In  this  set  of  experiments  a  satisfactory  type  of  outlet 
was  finally  developed,  and  the  discussion  is  therefore  more  detailed 
than  heretofore.  The  results  of  the  studies  are  condensed  in  table  12, 
where  velocity  measurements  are  given  at  a  section  17.0  or  18.0  feet 
from  the  inlet  end  of  the  model  tank.  Unless  otherwise  designated 
all  velocities  are  downstream  aiid  parallel  to  the  channel  axis.  In 
several  important  cases  the  observations  were  checked  by  a  repetition 
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of  the  exi>eriment.  Reference  should  be  made  to  the  table  for  veri- 
fication of  the  deductions  below. 

In  all  of  the  experiments  there  is  a  tendency  toward  greater 
velocities  on  the  south  side  of  the  channel,  believed  to  be  due  to  a 
slight  lack  of  S3nnmetry  in  the  central  nose  which  slightly  unbalanced 
the  sheet  above  the  jump.  This  tendency  may  have  been  due,  however, 
to  irregularity  in  the  series  of  steps  on  the  slop>e  which  became  decidedly 
warped  after  use.  As  defects  of  this  character  might  exist  in  the 
full-sized  structure,  the  nose  was  not  rectified.  The  existence  of  the 
irregularity  should  be  borne  in  mind  in  studying  the  data. 

When  the  floor  below  the  8-inch  weir  was  raised  3f ,  5J,  or  8  inches, 
the  distribution  imder  the  normal  discharge  of  9.74  second  feet  was 
synmietrical  and  showed  no  great  variations  from  the  mean  velocities 
for  the  several  depths,  see  experiments  1698,  1704,  and  1707.  Of 
course  all  velocities  increased  as  the  cross  section  of  the  channel 
diminished.  The  ability  to  raise  the  floor  without  losing  the  jump 
meant  that  much  excavation  and  concrete  could  be  saved  in  the  full- 
sized  structure. 

Whenever,  however,  the  tail  water  was  lowered  materially  below 
the  normal  level,  the  jump  was  lost  and  the  water  was  deflected  into 
the  air  by  the  weir  in  the  form  of  a  sheet,  see  figures  66  and  67.  A  simi- 
lar performance  had  been  noted  in  Series  A  and  elsewhere  during  the 
experiments,  when  the  floor  was  not  raised,  but  the  tendency  to  so 
rise  seemed  to  be  greater  here.  This  tendency  was  discouraged  by 
moving  the  main  weir  downstream  one  foot,  when  the  tail  water 
could  be  lowered  farther  without  losing  the  jump.  A  more  effectual 
remedy  was  found,  however,  in  a  second  weir,  with  crest  elevation  as 
high  or  higher  than  that  of  the  first,  and  placed  about  three  feet  below 
the  latter.  This  tended  to  maintain  the  tail  water  level  above  the 
first  weir,  making  the  combination  independent  of  variations  in  tail 
water  levels  below. 

When  the  south  conduit  was  partly  blocked,  an  eddy  tended  to 
form  below  the  single  weir  when  the  floor  was  raised.  The  second 
weir  tended  to  check  the  eddy,  and  was  most  effective  when  the  inter- 
mediate floor  height  of  5J  inches  was  employed,  see  experiments  1706, 
1711,  and  1712,  table  12.  The  effect  is  strikingly  shown  in  figure  68, 
where  the  effluent  water  is  shown  going  off  without  foam,  although 
one  conduit  was  completely  closed.  This  type  of  construction,  besides 
being  economical  and  satisfactory  in  other  respects,  evidently  solved 
the  problem  of  unsymmetrical  discharge. 

In  experiments  1715  and  1716  the  steps  were  removed  from  the 
sloping  floor,  showing  little  change  of  velocities.  But  when  the  tail 
water  was  lowered  to  the  minimum,  by  removing  the  regulating  weir. 
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and  the  discharge  was  increased  to  12  second  feet,  the  rising  sheet  of 
figure  67  was  obtained  even  .with  the  combination  of  weirs.  The 
stepped  slope  is  therefore  an  obstacle  to  such  occurrence  and  may 
advantageously  be  retained.  Figure  66  shows  in  detail  how  the 
sheet  was  formed  by  lowering  the  tail  water  depth  to  1.30  feet.  This 
water  was  subsequently  raised  from  below,  to  the  depth  of  1.25  feet 
without  disturbing  the  sheet.  It  is  evident  that  when  the  computed 
position,  referred  to  the  channel  at  the  lower  or  original  level,  falls 
at  the  weir,  the  jump  relation  no  longer  obtains  and  therefore  there 
will  be  no  jump.    It  follows  that  it  is  the  depth  of  water  maintained 
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FIG.   66.— DIAGRAM  SHOWING  VARIOUS  OBSERVED  POSITIONS  OF 
THE  HYDRAULIC  JUMP  FOR  DIFFERENT  ELEVATIONS  OP 

TAIL  WATER,  SERIES  F. 

Jump  disappears  and  the  water  is  sprayed  into  the  air  by  the  weir  when  the  tail 
water  becomes  too  low.    Discharge  12  second  feet. 

upstream  from  the  weir,  rather  than  the  weir  itself,  which  produces 
the  jump. 

As  a  detail  especially  desirable  in  the  outlets  of  the  dams  of  the 
District,  a  central  partition  wall  was  inserted,  so  that  it  would  be  easy 
to  shut  ofif  half  of  the  channel  during  the  low  water  season  for  inspec- 
tion or  repairs.  It  was  found  that  with  normal  discharge  and  flow 
equal  in  the  two  conduits  no  particular  effect  occurred.  But  with 
one  conduit  blocked  it  was  necessary  to  make  the  wall  high  enough  to 
keep  the  dead  water  on  the  idle  side  of  the  channel  from  spilling  over 
into  the  jump.  Otherwise  an  eddy  was  formed  and  the  distributing 
effect  of  the  weirs  was  diminished. 


Discharge  12  aerond  feet;  both  submci^ted  weirs  in  place.  The  jump  has  dia- 
appenredand  the  water  is  sprayed  high  into  the  air  in  a  continuous  sheet  at  the  upper 
weir.     Smooth  floor. 


One  conduit  carrj'ing  normal  discharge  of  5  second  feel,  other  conduit  c 
plelely  blocked. 


Uniform  distribution  of  velorily  in  effluent;   normal  discharge  of  9.74  second 
feel;  2  submerged  weirs  and  raised  floor. 


Diseharge  of  3  second  feet  corresponding  to  an  ordinary  freshet.    A  small  jump 
is  formed. 
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The  experiments  of  Series  F  thus  demonstrated  a  satisfactory  type 
of  outlet  channel,  whose  characteristics  may  be  simmiarized  as  follows: 

1.  It  must  have  gradually  expanding  sides  so  shaped  that  there 
shall  be  no  break  in  the  contact  between  them  and  the  water. 

2.  The  floor  should  be  steeply  sloped  where  the  jump  is  desired  to 
occur,  and  should  preferably  be  roughened  by  building  it  in  steps. 
The  limit  of  slope  is  the  parabolic  path  of  water  issuing  from  the  outlet 
as  an  orifice.  On  the  other  hand  the  drop  should  be  decided  so  as  to 
cause  the  sheet  of  water  to  cut  under  the  water  in  the  deep  pool. 

3.  Far  enough  below  the  foot  of  the  slope,  to  permit  a  jump  to 
form  under  all  circumstances  of  discharge,  there  should  be  a  sub'- 
merged  weir  whose  crest  is  but  little  lower  than  the  surface  at  low  water 
and  whose  height  is  not  less  than  one-half  the  tail  water  depth,  just 
above  the  weir,  at  maximiun  discharge.  Below  this  weir  the  channel 
may  be  more  shallow.  But  a  second  baffling  weir  should  be  built 
below  the  first  with  its  crest  at  least  as  high  as  that  of  the  upper  one. 
Below  this  point  the  depth  must  depend  upon  the  capacity  of  the 
channel  to  resist  erosion. 

The  behavior  of  the  model  embodying  these  conditions  is  shown  in 
figures  69  and  70  and  the  form  of  the  channel  is  shown  in  figures  37 
and  71.  Reference  should  also  be  made  to  figure  72  which  shows 
diagrams  of  velocity  throughout  the  channel. 

This  form  was  the  most  satisfactory  from  all  points  of  view, 
and  the  principles  which  it  embodies  have  been  applied  in  the  design 
of  the  outlet  channels  of  the  several  dams.  It  represents  large  eco- 
nomies over  the  tentative  design,  chiefly  by  virtue  of  the  diminished 
length  and  the  raised  floor.  Its  features  are  generally  applicable,  and 
it  is  believed  that  with  modifications  it  solves  the  problem  of  the 
elimination  of  energy  under  a  wide  range  of  conditions.  It  could,  for 
instance,  have  been  applied  to  the  Croton  Lake  blow-ofif  and  to  the 
Waldeck  dam  outlets,  referred  to  in  the  introductory  paragraphs,  with 
assurance  of  satisfactory  operation.  Some  of  its  features  have  been 
already  adopted  in  the  construction  of  ogee  spillway  dams,  and  the 
results  of  the  experiments  are  therefore  largely  verified  by  existing 
experience. 

SECTION  XVm.— USE  OF  BAFFLE  PIERS 

In  the  following  pages  is  a  discussion  of  some  of  the  methods  of 
eliminating  energy  which  were  tried  and  rejected.  The  entire  series 
of  experiments  was  begun  with  a  form  of  channel  marked  by  offsets 
in  the  channel  walls  and  a  set  of  baffle  piers  as  shown  in  figure  73. 
By  these  devices  it  was  hoped  to  obtain  a  well  distributed  flow  with 
low  velocity.    This  was  found  to  be  attainable,  though  with  certain 
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limitations,  by  modifying  the  form  of  channel  and  the  arrangement  of 
piers.  Various  conclusions  from  experiments  upon  the  piers  are 
summarized  below: 

1.  The  more  nearly  the  side  walls  from  the  mouth  of  the  outlet 
coincide  with  the  shape  that  the  free  stream  would  take  after  leaving 
the  outlet  and  before  striking  the  piers,  the  better  will  the  current  be 
broken  up  by  the  piers.    It  was  early  found  necessary  to  dispense  with 
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FIG.  73— PLAN  AND  SECTION  OF  EXPERIMENTAL  MODEL  OUTLET 

CONTAINING  BAFFLE  PIERS. 

Channel  walls  have  offsets.    Results  show  that  the  high  velocity  current  shifts 
widely  for  a  small  change  in  the  position  of  the  piers. 


the  offsets  in  the  sides  of  the  channel  and  to  substitute  the  regular 
sides  of  figure  74.  The  chief  defects  of  the  method  of  baffling  with 
piers  were  found  to  be  instability  of  the  effluent  under  slightly  different 
conditions  in  the  channel,  and  inability  to  predict  with  certainty 
what  would  occur  under  any  given  combination  of  piers,  rate  of  dis- 
charge, and  tail  water  level.  This  instability  was  materially  reduced 
by  the  use  of  the  second  form  of  channel  with  regular  sides. 

2.  The  water  is  quieted  in  a  shorter  distance  if  caused  to  rise  in 
the  air,  than  if  it  is  allowed  to  flow  submerged  into  a  body  of  water; 
and  the  finer  the  spray  caused  in  this  way,  the  sooner  the  velocity  and 
energy  are  dissipated.  When  the  spray  falls  into  the  moving  water 
which  does  not  rise,  the  velocity  of  the  latter  is  retarded. 


-VIEW  OF  MODEL  AS  FINALLY  ADOPTED  FOR  USE. 
Central  longitudinal  dividing  wall  installed. 


Begmng  of  Jump- 


Longitudinal  Section 
■PLAN   AND  SECTION  SHOWING   VELOCITIES  BELOW  THE 
JUMP,  SERIES  F. 

below  jump;  raised  floor  below  upper  weir; 


Stepped  floor;  2  submerged 
Bonnal  diecharge  of  9.74  second  f 
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3.  The  greater  the  depth  of  water  below  the  piers,  the  less  does  the 
flow  at  high  velocity  spread,  and  the  more  completely  is  the  spray 
prevented.  This  tends  to  concentration  of  the  flow  into  small  areas 
with  only  partial  reduction  oi  velocity.  There  is  a  pronounced 
tendency  for  this  concentration  to  form  a  large  whirl  or  eddy.  The 
intensity  and  magnitude  of  this  eddy  is  diminished  materially  by  the 
use  of  a  central  wall  such  as  shown  in  figure  74.  Sometimes  two 
smaller  eddies  are  produced,  but  they  are  less  objectionable  than  the 
single  eddy. 

4.  Slight  rearrangements  of  the  piers  lead  to  widely  divergent 
effects  upon  the  tail  water,  illustrated  in  figure  73,  although  this  is 
perhaps  an  extreme  case,  and  is  no  doubt  affected  by  the  offsets  in 
the  channel.    Here  a  concentration  of  flow  on  the  south  side  of  the 
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FIG.  74.— PLAN  AND  SECTION  OF  EXPERIMENTAL  MODEL  OUTLET 
CONTAINING  BAFFLE  PIERS,  SHOWING  VELOCITIES. 

Expanding  channel  walls  have  no  offsets.    Full  lines  indicate  surface  velocities, 
broken  lines  indicate  bottom  velocities. 


channel  was  transferred  to  the  north  side  by  shifting  the  piers  num- 
bered 2  and  3  outward  from  the  center  Une  \  inch,  the  discharge  being 
8  second  feet.  The  most  satisfactory  arrangement  secured  is  that  of 
figure  74,  which  shows  a  well  distributed  ef&uent  under  a  tail  water 
depth  of  1.25  feet  and  discharge  of  8  second  feet.  In  this  figure  the 
solid  arrows  indicate  surface  velocity  while  the  broken  ones  show 
bottom  velocity.  Pronounced  vertical  eddies  are  seen  just  below  the 
piers. 
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5.  It  seems  clearly  possible,  for  any  given  conditions  of  discharge 
and  tail  water,  to  arrange  a  system  of  baffle  piers  which  will  reduce 
the  velocity  and  produce  a  uniform  effluent  within  a  short  distance 
below  the  piers.  But  the  writers  have  been  imable  to  discover  any 
theoretic  relationship  which  would  govern  the  extension  of  such 
arrangement  to  other  discharges  and  depths.  Moreover,  even  in  the 
model  itself  noticeable  variations  in  performance  were  observed  when 
the  conditions  for  which  any  arrangement  were  found  satisfactory  were 
altered.    Such  devices  therefore  lack  stability. 

6.  Severe  impact  stresses  upon  the  piers  would  be  produced, 
necessitating  heavy  reinforcement  in  the  bottom  of  the  channel  and 
heavy  anchorage  weights  for  the  piers.  The  magnitude  of  these 
stresses  is  difficult  to  determine  even  approximately,  especially  those 
which  arise  from  the  transverse  pressures  of  the  eddy  currents.  Were 
the  device  perfectly  satisfactory  in  respect  to  its  hydraulic  behavior, 
heavy  expenditures  would  be  justified  in  order  to  make  the  structures 
safe,  but  not  otherwise. 

7.  It  was  therefore  concluded  that  the  use  of  baffle  piers  in  the 
channel  floor  did  not  offer  a  satisfactory  solution  to  the  problem. 
They  might,  however,  be  applicable  in  a  case  where  the  discharge  and 
depth  were  not  subject  to  variation,  although,  even  then  it  would  be 
necessary  to  determine  the  proper  arrangement  of  piers  for  the  peculiar 
conditions  of  the  channel. 

SECTION  XIX.— USE  OF  SPRAYING  DEVICES 

The  observations  upon  piers  suggested  that  devices  might  be 
employed  which  would  operate  primarily  by  deflecting  the  water  into 
the  air  so  as  to  cause  it  to  form  spray  and  fall  into  a  pool  below.  The 
ability  to  do  this  was  recognized  but  the  effect  of  the  falling  water 
in  the  pool  below  was  uncertain. 

It  was  easy  to  cause  the  water  to  rise  from  the  horizontal  floor. 
In  figure  75  is  shown  the  effect  of  placing  a  |-inch  board  on  the  fioor 
4  feet  below  the  outlet.  The  water  had  spread  into  a  thin  sheet,  not 
much  thicker  than  the  board,  before  reaching  the  latter,  and  there 
was  no  backwater  from  the  outlet  weir.  Were  either  of  these  condi- 
tions otherwise,  the  performance  of  the  water  would  be  quite  different, 
as  will  be  shown  later.  The  same  effect  was  obtained  with  weirs  of 
greater  height. 

In  order  to  study  the  performance  of  thick  sheets  of  water,  the 
two  spraying  models  of  figures  76  and  77  were  tried.  Both  of  these 
were  placed  on  the  floor  of  the  tank  as  close  to  the  conduit  outlet  as 
practicable — ^in  fact  with  the  sides  overlapping  the  sides  of  the  latter, 


FIG.   75.— VIEW    AT   RIGHT   ANGLES   TO   THE   CURRENT  SHOWING 
THE  WATER  SPRAYED  INTO  THE  AIR  BY   A   j-INCH   BOARD. 
Painted  linee  divide  floor  of  channel  into  one-fool   squares;    movio);  stream 
beforeetrikingboardwoabut  little  thicker  than  board;  nn  backwater  from  regulaling 
weir  below. 


FIG.  76.— FI^N,  ELEVATION,  AND  SECTION  OF  SPRAYING  MODEL  1. 


FIG.  79.— VIEW  OF  PIERS,  TYPES  D  AND  E. 
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so  as  to  prevent  the  water  from  escaping  in  any  other  way  j;han  over 
the  model.  Hie  effect  of  these  is  shown  strikingly  in  figure  78,  where 
the  maximum  discharge  of  the  plant,  12  second  feet,  is  being  sprayed 
into  the  air. 

In  the  operation  of  model  1,  a  depth  of  1  foot  was  maintained  in 
the  model  tank  below  the  outlet  while  the  discharge  was  varied  from 
4  to  10  second  feet.  For  the  smaller  discharge  the  flow  just  spilled 
over  the  lip  of  the  model  and  then  flowed  downstream  in  the  center 


End  View 


Elevation 


—ELEVATIONS  OF  SPRAYING  MODEL  2. 


of  the  channel.  With  the  discharge  at  10  second  feet,  and  conduit 
velocity  18.2  feet,  the  water  sprayed  4.3  feet  high  above  the  floor, 
and  fell  about  14  feet  from  the  conduit  over  a  width  of  3  feet.  At 
discharges  of  7  second  feet  or  more,  when  the  height  of  spray  was 
about  3.1  feet,  the  impact  of  the  falUng  water  was  observed  by  placing 
the  hand  at  the  bottom  of  the  pool.  When  the  depth  of  tail  water 
was  raised  to  1.4  feet,  this  impact  could  no  longer  be  felt,  indicating 
that  the  energy  of  the  falling  water  was  absorbed  before  reaching  the 
bottom. 

The  study  of  this  model  shows  that  it  is  possible  to  throw  water 
into  the  air  in  a  solid  sheet,  and  that  whenever  the  tail  water  surface 
is  high  enough  to  come  into  contact  with  the  rising  stream  the  water 
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will  be  broken  up  into  spray  so  that  it  does  not  strike  the  tail  water 
as  a  solid  stream.  All  of  these  observations  were  checked  by  others 
upon  model  2. 

The  next  study  was  made  of  a  single  pier  designated  as  type  D, 
figure  79,  placed  in  the  channel  with  spreading  walls.  When  placed 
close  to  the  outlet,  but  free  from  contact  with  the  channel  walls,  it 
caused  the  discharge  to  spread  as  well  as  to  rise  from  its  concave 
surface,  the  water  thus  being  spread  in  a  fan  shaped  manner.  Al- 
though considerable  water  escaped  at  high  velocity  past  the  pier,  it 
was  considered  objectionable  to  extend  the  pier  to  the  channel  walls. 
In  the  full  sized  structure,  such  an  arrangement  would  submerge  the 
conduits  at  low  discharges,  rendering  it  difficult  to  inspect  or  repair 
them.  The  idea  of  dropping  the  floor  had  not  been  developed  at  this 
time. 

The  effluent  from  pier  D  was  reasonably  even,  although  large 
velocities  were  noted  at  the  sides  of  the  channel.  To  obtain  greater 
uniformity,  another  combination  was  tried,  consisting  of  a  single 
pier  of  type  D  and  a  row  of  smaller  piers  of  type  E,  figure  79,  so  placed 
as  to  baffle  the  fannshaped  sheet  from  the  upper  weir.  This  arrange- 
ment was  found  to  be  effective  for  a  wide  range  of  tail  water  depths, 
but  to  be  less  useful  imder  small  discharges,  because  in  this  case  the 
small  piers  were  too  far  away  from  the  foot  of  the  jet.  Figures  80 
and  81  show  the  disturbance  created  by  the  combination  of  piers. 
With  a  discharge  of  8  second  feet,  and  no  backwater  from  the  regu- 
lating weir,  the  velocities  below  the  piers  were  higher  at  the  sides  than 
in  the  center,  due  partly  to  the  escape  of  a  portion  of  the  discharge 
around  the  sides  of  the  central  pier  D.  As  the  tail  water  was  increased 
by  raising  the  regulating  weir,  the  distribution  improved,  although 
there  was  always  some  excess  at  the  sides. 

Pier  D  proved  to  possess  great  stability,  the  vertical  component 
of  the  forces  exerted  upon  it  exceeding  the  horizontal  component  of 
the  latter.  This  was  true  even  under  conditions  of  maximum  dis- 
charge, and  no  fastening  to  the  floor  of  the  experimental  tank  was, 
therefore,  required  to  maintain  pier  D  in  position.  There  was,  how- 
ever, the  same  difflculty  in  securing  a  satisfactory  anchorage  for  the 
lower  piers  that  applied  to  the  set  of  piers  first  described,  referred  to 
in  paragraph  6  of  Section  XVIII. 

The  study  of  this  device  was  carried  no  further.  At  this  stage  in 
the  experiments  the  method  of  utilizing  the  hydraulic  jiunp  had 
become  most  promising,  and  that  line  of  investigation  was  taken  up. 

In  connection  with  the  general  subject,  however,  some  studies 
were  made  of  the  paths  of  water  as  deflected  from  small  weirs  in  the 
bottom  of  the  channel,  inclined  at  various  angles  to  the  bottom. 


FIG.   80— VIEW   SHOWING  SPRAY   AND  CIRHENTS   PRODIKTED   BY 

USING  A  SINGLE  CENTRAL  PIER  OF  TYPE  D  AND 

TWO  ROWS  OF  LOWER   PIERS  OP  TYPE   E. 

Discharge  8  «econd  f«*l ;  no  regulating  weir. 


FIG.   81.— VIEW  SHOWING   SPRAY   AND  CURRENTS   PRODUCED   BY 

COMBINATION  OF  TYPE   D  AND  TYPE   E  PIERS. 

Dischai^  8  seeood  foot ;  tail  water  depth  1  Toot. 
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FIG.  82.— DIAGRAM  SHOWING  PROFILES  OF  SPRAY. 

Currents  of  various  depths  and  velocities  striking  a  weir  with  upper  face  inclined 
45"  to  the  horizontal. 
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FIG.  83.— DIAGRAM  SHOWING  PROFILES  OF  SPRAY. 

Currents  of  various  depths  and  velocities  striking  a  weir  with  upper  face  inclined 
60^  to  the  horizontal. 
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These  are  chiefly  of  value  as  indicating  the  shape  of  the  sheets  which 
may  be  expected  with  various  proportions  of  depth,  velocity,  and 
weir  height. 

Weirs  were  used  whose  inclination  to  the  horizontal  was  45,  60, 
and  90  degrees.  They  extended  over  a  material  part  of  the  width  of 
the  channel  and  the  section  on  the  center  line  of  the  channel  was  taken 
as  characteristic.  The  depth  of  water  above  the  weirs  had  a  most 
pronounced  influence  upon  the  behavior  of  the  water  as  is  shown  in 
the  diagrams,  figures  82  and  83. 

The  observations  showed  that  when  the  sheet  was  thin  and  the 
weir  relatively  high,  the  top  of  the  sheet  was  above  the  tangent  to 
the  weir.  As  the  thickness  of  the  sheet  increased,  other  conditions 
remaining  equal,  the  top  of  the  sheet  became  tangent  to  a  line  parallel 
to  the  surface  of  the  weir.  As  the  depth  above  the  weir  became  greater 
the  sheet  diminished  in  height  and  range,  and  finally  with  great  enough 
depth  the  weir  produced  no  visible  eflfect  upon  the  surface.  Figures 
82  and  83  illustrate  these  remarks.  An  attempt  was  made  to  formu- 
late laws  for  the  height  and  range  of  these  sheets  but  the  number  of 
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Section  A-A 
FIG.  84.— PLAN  AND  SECTIONS  OF  REVERSED  CURRENT  MODEL. 


HYDRAULIC  JUMP  AS  MEANS  OF  DISSIPATING  ENEBGY     109 

observations  were  too  few  and  the  variables  involved  were  too  numer- 
ous to  allow  a  satisfactory  conclusion. 

The  behavior  of  these  sheets  was  also  much  affected  by  the  depth 
of  the  tail  water,  although  this  is  not  shown  in  the  diagrams.  In  the 
cases  shown  the  tail  water  was  kept  low  to  avoid  interference.  But 
when  it  was  increased  by  raising  the  regulating  weir,  the  rise  of  the 
sheet  was  diminished.  By  increasing  the  tail  water  sufficiently  the 
rise  was  submerged  or  drowned,  and  a  hydraulic  jiunp  was  formed 
above  the  weir  in  a  manner  somewhat  similar  to  that  finally  worked 
out  in  the  experiments  on  the  jiunp.  In  fact,  this  suggested  some  of 
the  steps  tried  in  the  later  experiments. 

SECTION  XX.— REVERSED  CURRENT  MODEL 

This  was  a  device  intended  to  combine  the  effects  of  spraying  into 
the  atmosphere,  direct  impact,  and  other  kinds  of  friction  in  the 
elimination  of  energy.  Referring  to  figure  84,  the  water  leaving  the 
outlet  Tj  gradually  transforms  its  cross  section  to  a  trapezoidal  one 
in  the  channel  until  it  reaches  the  point  of  the  curved  weir,  C.    This 
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FIG.  85.— DIAGRAM  SHOWING  EFFLUENT  VELOCITIES  FROM 

REVERSED  CURRENT  MODEL. 

Discharge  8.2  second  feet;  tail  water  depth  of  0.16  foot. 


point  divides  the  stream  into  two  parts  which  follow  around  the  inner 
face  of  the  curved  weirs,  part  of  the  water  rising  and  flowing  over  the 
weirs  into  the  channel  below.  The  rest  flows  up  the  inclined  floor  of 
the  passage  D,  the  two  streams  meeting  over  the  stream  from  the 
outlet  and  falling  upon  it.  This  water  is  then  carried  down  again 
by  the  main  stream  with  the  effect  of  reducing  the  velocity  of  the 
latter.     In  some  experiments  the  drums  E,  were  omitted. 
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The  principal  investigation  of  this  model  was  made  with  a  constant 
discharge  of  8.2  second  feet  and  a  velocity  at  the  conduit  mouth  of 
14.6  feet  per  second,  the  depth  of  water  below  the  model  being  varied 
by  the  use  of  regulating  weirs  of  different  heights.  Some  additional 
observations  were  made  at  other  discharges. 

The  general  result  of  the  use  of  this  form  of  model  is  an  excess  of 
velocity  at  the  sides  of  the  channel.  When  the  depth  below  is  small 
so  that  the  spray  over  the  curved  weir  forms  and  falls  freely,  this 
difference  is  small,  but  the  velocities  across  the  channel  are  high,  see 
figures  85  and  86.    As  the  depth  below  the  model  increases,  the 
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FIG.  88.— DIAGRAM  SHOWING  EFFLUENT  VELOCITIES. 
Reversed  current  model;  discharge  8.2  second  feet;  tail  water  depth  1.79  feet. 

difference  between  center  and  side  velocities  below  the  model  also 
increases.  When  the  surface  below  rises  materially  above  the  crest 
of  the  circular  weirs,  th^  center  velocities  are  upstream  and  the  dis- 
charge travels  down  the  sides  of  the  channel.  Inasmuch  as  the  water 
below  the  model  must  be  deep  in  order  to  secure  a  low  mean  velocity 
of  effluent,  this  condition  is  unsatisfactory,  see  figures  87  and  88. 

This  condition  could  be  avoided  by  raising  the  weirs  so  as  to  keep 
them  well  above  tail  water  level,  but  in  the  design  of  the  conduits  it 
was  held  to  be  inadvisable  to  have  the  weirs  much  higher  than  the 
conduit  invert.  These  considerations  together  with  the  excessive  cost 
of  this  method  upon  the  large  scale,  caused  it  to  be  rejected.  Curi- 
ously,  in  the  form  of  channel  finally  worked  out  for  the  control  of  the 
hydrauUc  jump  the  surface  flow  of  the  water  somewhat  resembled 
that  of  this  model,  without  the  use  of  the  complicated  and  expensive 


-VIEW  SHOWING  OPERATION  OF  REVERSED  CURRENT 
MODEL. 
Tail  water  depth  O.IO  foot. 


FIG.  87.— VIEW  SHOWING  OPERATION  OF  REVERSED  CURRENT 

MODEL. 

Tail  water  depth  1.80  feet. 
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channels.  It  might  be  remarked  that  the  performance  of  the  model 
without  the  drums  E,  of  figure  84,  was  similar  to  that  with  the  drums, 
except  that  there  was  greater  irregularity  in  the  disturbance  and  m 
the  effluent.  ^,. 

This  method  of  control  and  those  described  in  the  two  precedmg 
Sections  were  not  studied  in  close  detail,  because  they  were  deemed 
to  be  decidedly  inferior  to  that  of  the  jump. 


STATE  OF  OHIO 

THE   MIAMI   CONSERVANCY   DISTRICT 


Calculation  of  Flow  in 
Open  Channels 


BY 


IVAN    E,   HOUK 

Assoc.  M.  Aif.  Soc  C.  E. 


TECHNICAL  REPORTS 
Part  IV 


DAYTON,  OHIO 
1918 


THE  MIAMI  CONSERVANCY  DISTRICT 

DAYTON,  OHIO 


EDWARD  A.  DEEDS,  Dayton 

Chairman 

HENRY  M.  ALLEN,  Troy 

GORDON  S.  RENTSCHLER,  Hamilton  J 


Board 

of 

Directors 


EZRA  M.  EUHNS,  Secretaiy 


OREN  BRITT  BROWN,  Attorney 


JOHN  A.  McMAHON,  Counsel 


ARTHUR  E.  MORGAN,  Chief  Engmeer 


CHAS.  H.  PAUL,  Asst.  Chief  Engineer 


PREFATORY  NOTE 


This  volume  is  the  fourth  of  a  series  of  Technical  Reports  issued 
in  connection  with  the  planning  and  execution  of  the  notable  system 
of  flood  protection  worim  now  being  built  in  the  Miami  Valley. 

The  Miami  Valley,  which  forms  a  part  of  the  large  interior  plain 
of  the  central  United  States  and  comprises  about  4000  square  miles 
of  gently  rolling  topography  in  southwestern  Ohio,  is  one  of  the  lead- 
ing industrial  centers  of  the  country.  From  the  great  flood  of  March, 
1913,  which  destroyed  in  this  valley  alone  over  360  lives  and  probably 
more  than  100  million  dollars'  worth  of  property,  there  resulted  an 
energetic  movement  to  prevent  a  recurrence  of  such  a  disaster.  This 
movement  developed  gradually  into  a  great  cooperative  enterprise  for 
the  protection  of  the  entire  valley  by  one  comprehensive  project. 
The  Miami  Conservancy  District,  established  in  June,  1915,  xmder 
the  newly  enacted  Conservancy  Act  of  Ohio,  became  the  agency 
for  securing  this  protection.  On  account  of  the  size  and  character 
of  the  undertaking,  the  plans  of  the  district  have  been  developed 
with  more  than  usual  care. 

A  Report  of  the  Chief  Engineer,  submitting  a  plan  for  the  protec- 
tion of  the  district  from  flood  damage,  was  printed,  March,  1916,  in 
3  volumes  of  about  200  pages  each.  Volume  I  contains  a  synopsis 
of  the  data  on  which  the  plan  is  based,  a  description  of  its  develop- 
ment, and  a  statement  of  the  plan  in  detail.  Volume  II  contains  a 
legal  description  of  all  lands  affected  by  the  plan.  Volume  III  con- 
tains the  contract  forms,  specifications,  and  estimates  of  quantities 
and  cost. 

After  various  slight  modifications  the  report  of  the  chief  engineer 
was  adopted  by  the  board  of  directors  as  the  0£5cial  Plan  of  the 
district,  and  was  republished  in  May,  1916.  This  plan  for  flood  pro- 
tection contemplates  the  building  of  five  earth  dams  across  the  val- 
leys of  the  Miami  River  and  its  tributaries  to  form  retarding  basing, 
and  the  improvement  of  several  miles  of  river  channel  within  the  half 
dozen  largest  cities  of  the  valley.  It  is  estimated  that  the  dams  will 
contain  nearly  9,000,000  cubic  yards  of  earth;  that  their  outlet  struc- 
tures will  contain  nearly  200,000  cubic  yards  of  concrete;  that  the 
river  channel  improvements  will  involve  the  excavation  of  nearly 
5,000,000  cubic  yards;  and  that  the  whole  project  will  cost  about 
25,000,000  dollars. 
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In  order  to  plan  the  project  intelligently,  many  thorough  investi- 
gations and  researches  had  to  be  carried  out,  the  results  of  which  have 
proved  of  great  value  to  the  district  and  will  also,  it  is  believed,  be  of 
widespread  use  to  the  whole  engineering  profession.  To  make  the 
results  of  these  studies  available  to  the  residents  of  the  state  and  to 
the  technical  world  at  large,  it  is  planned  to  publish  a  series  of  Tech- 
nical Reports  containing  all  data  of  permanent  value  relating  to  the 
history,  investigations,  design,  and  construction  of  the  flood  preven- 
tion works. 

The  following  reports,  prepared  by  the  engineering  staff  of  the 
district,  have  been  completed : 

Part     I.    The  Miami  Valley  and  the  1913  flood. 
Part   II.    History  of  the  Miami  flood  control  project. 
Part  III.     Theory  of  the  hydraulic  jump  and  backwater  curves. 
Experimental  investigation  of  the  hydraulic  jump  as  a 
means  of  dissipating  energy. 
Part  lY.    Calculation  of  flow  in  open  channels. 
Part    V.    Storm  rainfall  of  eastern  United  States. 

The  following  are  in  the  course  of  preparation: 

Rainfall  and  runoff  in  the  Miami  Valley. 
Laws  relating  to  flood  prevention  work. 
Flood  prevention  works  in  other  locaUties. 
E^arth  dams. 

Selection  of  general  type  of  improvement  and  design  of  retard- 
ing basin  system. 
Construction  of  protection  system. 
Contracts  and  specifications. 

The  aim  in  writing  this  particular  volume,  Part  IV  of  the  Tech- 
nical Reports,  is  to  set  forth  the  present  state  of  knowledge  relating 
to  the  calculation  of  the  flow  of  water  in  open  channels.  This  topic 
is  one  whose  mastery  has  depended  almost  exclusively  up)on  the  grad- 
ual collection  of  data  through  observation  and  experiment.  The  sub- 
ject has  been  under  continuous  study  for  more  than  a  century,  and 
has  been  a  particularly  active  field  in  recent  years.  The  appearance 
of  data  in  widely  scattered  publications  in  the  leading  European  coun- 
tries, as  well  as  in  the  United  States,  during  the  last  decade,  has 
rendered  particularly  urgent  a  survey  of  the  whole  field  such  as  is 
offered  in  this  report. 

Arthur  E.  Morgan, 

Chief  Engineer. 
Dayton,  Ohio, 
April,  1918. 
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CHAPTER  I.— INTRODUCTION 

GENERAL 

This  report  contains  a  broad  discussion  of  the  methods  of  calcu- 
lating flow  in  open  channels,  particularly  large  natural  channels, 
describes  in  detail  the  methods  followed  in  making  the  numerous 
determinations  of  discharge  required  in  the  development  of  the  Miami 
Valley  flood  protection  project,  and  states  in  full  the  computed  re- 
sults of  maximum  rates  of  runoff  diuing  the  1913  flood. 

The  discussion  and  comparison  of  velocity  formulas  is  more  com- 
prehensive than  has  ever  before  been  attempted  in  one  paper;  it  is, 
in  fact,  as  exhaustive  as  could  be  carried  out  with  the  facilities  avail- 
able. This  task  proved  more  formidable  in  execution  than  was 
originally  anticipated.  During  recent  years  the  widely  extended  use 
of  water  for  various  productive  purposes,  and  its  correspondingly 
enhancing  value,  have  led  to  a  rapid  increase  in  the  number  of  engi- 
neers specializing  in  hydraulics.  With  the  accumulation  of  results  of 
many  measurements  there  have  been  proposed,  natiu*ally,  numerous 
new  or  supposedly  new  formulas  for  computing  the  flow  of  water; 
formulas  intended  to  be  more  accurate  or  more  convenient  than  those 
in  previous  use.  In  this  report  some  fifty  such  formulas  are  dis- 
cussed. In  some  cases  it  seems  obvious  that  the  authors  were  but 
imperfectly  acquainted  with  the  history  of  previous  investigations; 
since  they  propose,  as  new  forms,  equations  that  are  identical  with  or 
very  similar  to  forms  used  previously,  or  they  suggest  forms  which 
are  inmiediately  shown  to  be  unsatisfactory  when  tested  by  well- 
known  standard  data. 

In  recent  years  it  seems  to  have  become  the  fashion  to  refer  slight- 
ingly to  the  classic  work  of  Darcy,  Kutter,  and  Bazin.  In  some 
cases  published  criticisms  of  the  work  of  these  authorities  show  at 
once  to  the  careful  student  of  the  subject  that  the  critics  were  not 
familiar  with  the  writings  of  these  great  pioneers  in  hydraulic  science. 
Such  careless  critics  as  those  just  referred  to  take  their  views  second 
hand  from  the  erroneous  statements  of  others,  or  base  them  on  very 
imperfect  or  incomplete  information;  nevertheless  such  criticisms  gain 
ready  admission  to  the  technical  press  and  to  technical  society  pub- 
lications. It  has  seemed  time  that  the  whole  subject  be  given  a  thor- 
ough, careful  restudy  in  the  Ught  of  all  the  available  information  down 
to  date,  to  the  end  that  all  hydrauUc  engineers  might  have  conven- 
iently at  hand  a  compendium  of  the  most  complete  and  useful  infor- 
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mation  extant.  As  the  need  of  this  knowledge  was  particularly  im- 
portant in  the  Miami  Valley  flood  protection  work,  it  was  natural 
for  the  investigation  to  be  undertaken  in  connection  with  this  project. 

No  extended  explanation  of  the  importance  of  this  report  to  the 
plans  for  flood  protection  in  the  Miami  Valley  is  necessary.  It  is 
intended  that  the  flood  protection  works  about  to  be  constructed  shall 
be  enduring  enough  to  last  fpr  centuries  without  extensive  mainten- 
ance charges,  that  they  shall  be  ample  in  capacity,  and  efficient  and 
certain  in  operation.  The  plans  for  these  works  are  based  primarily 
upon  the  maximum  rates  of  discharge  during  the  1913  flood,  with  an 
allowance  for  p)os8ible  greater  floods  in  the  future.  But  the  maximum 
rates  of  flood  discharge  in  1913  were  of  necessity  determined  by  com- 
putations made  several  months  subsequent  to  the  flood,  because  no 
measurements  of  actual  discharge  during  the  flood  had  been  made  at 
the  time  of  its  occurrence. 

Furthermore,  the  flood  protection  plans  include,  as  a  part  of  the 
construction  to  be  executed,  the  improving  of  the  present  natural 
channels  in  numerous  locations  until  they  shall  be  able  to  carry  pre- 
scribed amounts  of  maximum  flood  flow,  and  also  the  construction  of 
artificial  channels  of  definite  maximum  capacity.  In  all  these  rela- 
tions, therefore,  it  was  of  vital  imp)ortance  that  the  formulas  to  be 
used  and  the  methods  to  be  followed  in  making  the  computations 
should  be  those  shown  to  be  most  dependable  and  trustworthy  in  the 
light  of  the  best  modem  scientific  knowledge. 

SCOPE  OF  THIS  REPORT 

The  following  outline  indicates  the  order  of  treatment  and  roughly 
the  extent  of  the  treatment  of  the  various  portions  of  the  report: 

Chapter  II  is  a  brief  simmiary  of  conclusions  drawn  from  the 
various  parts  of  the  work. 

Chapter  III  contains  a  description  of  the  methods  used  in  esti- 
mating the  maximum  rates  of  stream  flow  during  the  flood  of  March 
25-27,  1913,  a  detailed  tabular  statement  of  the  results  of  these  com- 
putations, and  a  table  compiled  from  various  sources  showing  high 
rates  of  flood  flow  on  other  American  and  foreign  rivers. 

Chapter  IV  describes  a  large  number  of  field  experiments  made 
for  the  purpose  of  testing  velocity  formulas.  The  methods  used  are 
fully  described,  the  locations  utilized  are  carefully  explained  and  illus- 
trated, and  all  the  data  and  computations  are  shown  in  tables.  The 
results  are  all  summarized  in  td.ble  9. 

Chapter  V  is  devoted  to  the  Kutter  formula.  The  history  of  the 
evolution  of  the  formula  is  explained;  the  data  upon  which  the  for- 
mula is  based,  the  subsequent  criticisms  of  the  formula,  and  its  pres- 
ent status  are  all  critically  examined. 
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Chapter  VI  is  a  condensed  translation  of  the  paper  published  by 
H.  Bazin  in  Paris,  in  1897,  describing  his  new  formula.  All  essential 
portions  of  the  paper  are  given  and  a  table  giving  values  of  C  for  his 
formula,  for  English  units,  is  included.  This  table  has  been  made 
much  more  complete  than  those  published  heretofore.  Coefficients 
corresponding  to  several  values  of  both  m  and  B  not  usually  given 
have  been  computed  and  included. 

Chapter  VII  contains  a  condensed  translation  of  papers  published 
by  Richard  Siedek  in  Vienna  in  1901  and  1903  describing  his  new 
formula  for  determining  the  velocity  in  rivers  and  streams. 

Chapter  VIII  similarly  contains  a  condensed  translation  of  two 
papers  published  by  Otto  Groger  in  Vienna  in  1913  and  1914  describ- 
ing his  new  formula  for  velocity  in  natural  river  channels. 

Chapter  IX  states  and  discusses  briefly  a  considerable  number  of 
other  formulas  which  have  been  proposed  for  the  calculation  of  flow 
in  open  channels. 

Chapter  X  is  devoted  to  a  comparison  of  results  obtained  by  the 
use  of  all  the  formulas  previously  described.  The  equations  were 
tested  by  applying  them  to  numerous  locations  where  the  velocity 
had  actually  been  measured;  and  conclusions  are  drawn  based  upon 
these  tests  as  to  the  relative  merits  of  the  different  formulas  for  prac- 
tical use.  The  much  discussed  question  of  the  effect  of  the  slope  on 
the  coefficient  C  is  taken  up  in  this  chapter. 

Chapter  XI  considers  the  calculation  of  discharge  in  an  open  chan- 
nel based  upon  the  amount  of  the  sudden  drop  in  the  water  siurface 
in  passing  through  a  contracted  cross  section.  This  method  of  calcu- 
lation is  not  in  general  use,  but  was  utilized  extensively  in  the  Miami 
Valley  flood  flow  determinations,  and  possesses  high  merit  in  appro- 
priate locations. 

HISTORY  OF  THE  INVESTIGATIONS 

During  the  summer  and  fall  of  1913,  from  two  to  eight  months 
subsequent  to  the  great  flood,  a  field  engineering  party  of  four  men 
made  the  surveys  from  which  the  maximum  rates  of  discharge  of  the 
1913  flood  were  determined.  These  surveys  were  begun  about  June 
1,  and  were  continued  imtil  about  December  1.  The  first  prelim- 
inary computations,  which  were  made  as  rapidly  as  the  surveys  could 
be  plotted,  showed  such  high  rates  of  runoff  that  it  was  deemed  advis- 
able to  make  surveys  for  more  locations  than  had  originally  been 
planned,  in  order  to  check  the  results  at  the  more  important  places. 
Surve3rB  were  made  at  23  different  places  located  as  follows:  5  on  the 
Miami  River  above  Dayton,  4  on  Stillwater  River,  2  on  Mad  River,  2 
on  the  Miami  River  below  Dayton,  and  10  on  various  small  tributaries. 
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The  experimental  investigations  of  the  effect  of  friction  on  the  flow 
of  water  in  natural  and  artificial  channels  were  begun  in  the  summer 
of  1913  and  have  been  continued  up  to  the  present  time.  Series  of 
measurements  were  made  at  selected  locations  on  the  Miami  River  at 
Tadmor,  Dayton,  and  Hamilton;  on  the  Miami  and  Erie  Canal  in 
Dayton;  and  on  the  Ohio  River  at  Cincinnati.  There  were  also  avail- 
able for  the  Miami  Valley  flood  prevention  studies,  measurements 
made  by  the  Morgan  Engineering  Company  of  Memphis,  Tennessee, 
on  large  drainage  canals  in  northeastern  Arkansas,  on  the  Bogue 
PhaUa  in  Mississippi,  and  on  the  St.  Francis  River  in  Arkansas.  The 
total  range  in  discharge  of  these  various  streams  during  the  intervals 
in  which  the  observations  were  made  was  from  about  100  second  feet 
to  about  53,000  second  feet;  the  range  in  hydraulic  radius  was  from 
about  1.5  feet  to  about  21  feet;  and  the  range  in  velocity  was  from 
about  0.5  of  a  foot  per  second  to  about  6  feet  per  second.  In  addition 
to  the  above  investigations  a  careful  study  was  made  of  all  the  data 
that  has  been  collected  on  the  Mississippi  River  and  its  tributaries  by 
the  Mississippi  River  Conmiission  during  the  past  35  years;  and  rough- 
ness factors  were  calculated  for  the  channel  above  New  Orleans  from 
the  gagings  and  surveys  made  by  that  Commission  during  the  floods 
of  1912  and  1913,  when  the  discharge  varied  from  about  935,000  sec- 
ond feet  to  about  1,300,000  second  feet.  In  these  series  of  gagings 
the  hydrauUc  radius  varied  from  about  55  to  about  61.5  feet;  and  the 
mean  velocity,  from  about  5  feet  per  second  to  about  6.3  feet  per  sec- 
ond. All  of  the  various  sections  in  which  investigations  were  made, 
the  methods  of  measurement  and  computation,  and  the  results  of  the 
studies  are  described  in  detail  in  chapter  IV. 

No  measurements  were  made  in  Hned  canals  since  a  great  deal  of 
fairly  satisfactory  data  was  available  regarding  the  flow  in  small  chan- 
nels of  this  class  and  because  no  opportimities  were  at  hand  for  secur- 
ing gagings  in  large  Uned  canals.  Later  on,  after  the  retarding  basin 
plan  of  flood  prevention  had  been  adopted,  when  it  was  necessary  to 
determine  the  carrjdng  capacity  of  the  tunnels,  a  thorough  study  was 
made  of  all  existing  data  regarding  friction  losses  in  such  channels. 
These  studies  will  be  described  in  another  volume  in  connection  with 
the  descriptions  of  the  design  of  the  outlet  works  at  the  retarding 
basins. 

The  studies  of  the  European  and  American  Uterature  dealing  with 
the  flow  of  water  in  open  channels  were  begun  in  the  summer  of  1913 
and,  like  the  experimental  work,  have  continued  to  the  present  date. 
The  various  engineering  periodicals,  the  transactions  of  scientific  and 
technical  societies,  the  reports  of  government  bureaus,  and  the  pub- 
lications of  private  engineers  were  all  carefully  examined.    Exhaus- 
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tive  studies  were  made  of  the  work  of  recent  investigators  such  as 
Siedeky  Grdger,  lindboe,  Hermanek,  Barnes,  Schmeer,  and  others,  as 
well  as  of  the  classical  works  of  Humphreys  and  Abbot,  GanguiUet 
and  Kutter,  and  Darcy  and  Bazin.  Humphreys  and  Abbot's  gagings 
of  the  Mississippi  River  at  Columbus,  Kentucky;  Vicksburg,  Missis- 
sippi; and  Carrollton,  Louisiana,  which  have  been  so  often  and  severely 
criticized,  were  studied  in  detail  and  were  compared  with  the  more 
recent  and  accurate  work  of  the  Mississippi  River  Conunission.  Spe- 
cial attention  was  given  to  the  Kutter  formula,  particularly  as  to  its 
development,  its  status  among  practicing  engineers,  its  merits  and 
defects,  its  use  in  practical  work,  the  much  criticized  slope  term,  and 
the  factor  n.  In  connection  with  this  study  several  interesting  con- 
ditions were  found  relating  to  the  effect  of  the  slope  upon  the  Chezy 
coefficient.  The  new  formula  proposed  by  Bazin  in  1897  was  thor- 
oughly tested  on  the  basis  of  the  measurements  used  in  its  develop- 
ment as  well  as  on  the  basis  of  those  made  in  the  Miami  Valley. 
Comparisons  of  all  of  the  more  imp)ortant  equations  for  computing 
the  mean  velocity  in  open  channels  were  made  using  the  experimental 
data  obtained  in  connection  with  the  Miami  Valley  flood  prevention 
studies.  Examinations  were  also  made  of  the  applicabiUty  of  these 
various  equations  to  the  computation  of  the  flood  discharges  of 
March,  1913. 

The  search  of  the  Uterature  was  extended  so  as  to  include  discus- 
sions of  the  backwater  conditions  produced  by  bridges  and  also  of  the 
computation  of  discharge  from  measurements  of  the  drop  in  the  water 
surface  and  the  minimum  area  of  the  cross  section  at  places  where  the 
normal  area  of  flow  space  is  appreciably  reduced  by  some  obstruction 
such  as  a  railroad  or  highway  fill. 

METHOD  OF  TREATMENT 

In  the  preparation  of  this  report  every  effort  has  been  made  to  be 
explicit,  without  going  into  unnecessary  detail.  Many  of  the  studies 
are  illustrated  by  figures.  Tables  are  included  wherever  their  sub- 
ject matter  would  be  of  permanent  interest  and  value  to  the  engineer- 
ing profession.  It  would  be  quite  possible,  and  in  keeping  with  cus- 
tom, to  include  in  this  volume  a  great  mass  of  data  of  purely  local 
interest.  Readers  are  spared  the  fatigue  of  wading  through  material 
of  this  character,  however,  and  the  whole  discussion,  except  in  the 
isolated  cases  of  illustrative  examples,  is  confined  to  the  principles  and 
methods  involved  in  the  investigations. 

The  elements  of  the  individual  measurements  used  by  Bazin, 
Grdger,  Siedek,  and  others,  in  the  development  of  their  formulas,  are 
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not  included  since,  in  moat  cases,  no  means  were  available  for  deter- 
mining their  accuracy.  Moreover,  the  original  publications  can  be 
easily  secured  by  interested  investigators. 

In  the  preparation  of  foreign  translations  for  presentation  it  has 
been  deemed  advisable  to  be  guided  by  the  following  considerations: 

1.  That  usefulness  of  the  material  as  engineering  data  be  made 
the  first  criterion,  to  outweigh  any  other  consideration.  In  the  pur- 
suance of  this  object  rearrangements  or  changes  in  the  form  of  the 
material  have  been  made  whenever  it  appeared  to  be  desirable. 

2.  That  brevity  be  sought  after,  and  every  article  condensed  as 
fully  as  possible  without  omitting  any  item  of  real  importance  or  value. 

3.  That  any  data  for  which  possible  useful  application  could  not 
be  shown  be  omitted.  Such  usefulness  was  not  considered  to  be  con- 
fined to  the  Miami  Valley,  but  to  refer  to  drainage  or  river  control 
work  an3rwhere. 

4.  That  in  case  of  any  conflict  in  usefulness  to  practicing  engin- 
eers as  compared  with  research  investigators,  the  preference  be  given 
to  the  practicing  engineer,  with  such  reference  to  the  original  sources 
of  pubUcation  as  would  be  most  useful  to  an  investigator. 

5.  That  to  make  clear  the  relation  and  application  to  conditions 
prevailing  in  this  country,  additional  explanations  be  given  wherever 
necessary. 

6.  That  full  credit  for  authorship  and  place  of  original  publication 
be  given  in  connection  with  all  material  used. 

Many  of  the  formulas  and  theories  presented  will  be  new  to  most 
American  engineers,  and  it  is  hoped  that  those  who  are  engaged  in 
hydraulic  work  will  test  their  value  as  opportunity  affords  by  check- 
ing them  with  the  results  of  careful  measurements. 

NOTATION 

The  notation  used  throughout  follows  the  general  practice  of 
American  textbooks.  The  symbols  most  frequently  used  are  given 
below.  Those  that  appear  in  special  cases  are  explained  in  the  text 
as  they  are  introduced  into  the  discussions. 

A  =  area  of  cross  section  of  channel. 
P  =  wetted  perimeter  of  cross  section  of  channel. 
R  =  hydrauUc  radius  of  cross  section  of  channel. 
B  =  breadth  of  cross  section  of  channel. 
D  =  average  depth  of  cross  section  of  channel. 
S  =  friction  slope;  or,  if  the  velocity  is  constant,  the  surface  slope. 
V  =  average  velocity  of  moving  water  throughout  the  cross  sec- 
tion of  the  channel. 
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Q  =  quantity  of  water  passing  cross  section  of  channel  per  unit 

of  time. 
q  s  quantity  of  water  passing  through  a  small  part  of  a  cross 

section. 
C  »  coefficient  of  roughness  in  Chezy's  formula. 
C  »  coefficient  of  roughness  in  exponential  formulas, 
n  »  coefficient  of  roughness  in  Kutter^s  formula. 
m  »  coefficient  of  roughness  in  Bazin's  formula. 
g  =  acceleration  of  gravity. 
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EARLY  HISTORY  OF  VELOCITY  FORMULAS 

The  velocity  of  the  water  as  an  element  in  estimating  the  dis- 
charge of  a  stream  was  first  introduced  by  Castelli  in  1628.  In  1643 
Torricelli  discovered  that  the  velocity  of  water  flowing  freely  from  a 
small  orifice,  is  equal  to  the  velocity  of  a  body  falling  in  a  vacuum  a 
distance  equal  to  the  depth  of  the  orifice  below  the  water  surface. 

GugUelmini,  whose  works  appeared  near  the  end  of  the  seventeenth 
century,  adopted  the  theories  of  Torricelli  and  proposed  the  celebrated 
parabolic  theory  of  river  velocity  which  may  be  briefly  stated  as  fol- 
lows: Any  particle  z  feet  below  the  surface  of  a  stream  will  tend  to 
move  at  the  same  velocity  that  it  would  if  issuing  from  an  orifice  x 
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feet  below  the  surface  of  a  reservoir.  Although  this  theory  would 
indicate  that  the  velocity  at  the  surface  of  a  stream  is  zero  and  that 
the  maximum  velocity  occurs  at  the  bottom,  it  was  adopted  by  many 
eminent  scientists  and  was  not  disproven  until  Pitot  published  the 
results  of  his  experiments  in  1730-1738,  his  experiments  consisting  of 
measurements  of  velocities  at  different  depths  by  the  aid  of  the  tube 
which  bears  his  name. 

In  1738  Daniel  Bernoulli  published  his  noted  works  on  hydraulics 
in  which  he  proposed  the  well-known  Bernoulli  theorem.  In  1753 
Brahms  observed  that  the  velocity  does  not  accelerate  in  accordance 
with  the  law  of  gravity  but  that  it  tends  to  assume  a  constant  value. 
He  pointed  out  the  friction  of  the  water  against  the  bed  and  sides  of 
the  channel  as  the  force  opposing  the  acceleration  and  assumed  that 
the  resistance  is  proportional  to  the  hydraulic  radius.  In  1775  Chezy 
put  the  theories  of  Brahms  into  algebraic  form,  introducing  the  well- 
known  Chezy  formula.  Although  Varignon,  in  1725,  reduced  the 
theories  of  Guglielmini  to  algebraic  equations,  the  work  of  Chezy 
marks  the  real  beginning  of  velocity  formula  studies. 

Dubuat,  whose  work  was  published  in  1786,  started  with  the  law 
that  when  water  flows  uniformly  the  forces  which  keep  it  in  motion 
are  equal  to  the  sum  of  all  resistances.  He  reasoned  that  the  best 
method  to  deduce  a  formula  is  to  find  by  experiment  algebraic  expres- 
sions for  these  two  opposing  forces  and  then  equate  them.  Following 
these  ideas  he  made  a  number  of  experiments  upon  pipes  and  small 
channels  and  from  them  deduced  a  formula  for  velocity.  He  estab- 
lished the  principles  that  the  motive  force  of  the  water  is  due  entirely 
to  the  surface  slope,  that  the  resistances  are  due  to  viscosity  and  fric- 
tion on  the  sides  and  bed  of  the  channel,  and  that  the  resistance  is 
independent  of  the  weight  or  pressure  of  the  water. 

Coulomb  published  a  paper  in  1800  in  which  he  discussed  the  laws 
of  friction  between  fluids  and  solids.  He  showed  that  the  resistance^ 
may  be  represented  by  a  function  consisting  of  two  terms,  one  con- 
taining the  first  power  of  the  velocity  and  the  other,  the  second. 
Girard,  in  1803,  applied  this  theory  of  Coulomb's  to  the  flow  of  water 
in  open  channels  and  deduced  a  formula  which  was  more  simple  than 
Dubuat's. 

In  1804  de  Prony,  by  a  discussion  of  experiments,  corroborated 
the  general  conclusion  of  Coulomb's  regarding  the  resistances,  but 
showed  that  the  two  terms  should  be  modified  by  independent  co- 
efficients instead  of  by  a  common  one  as  had  been  proposed  by  both. 
Coulomb  and  Girard.  He  discussed  the  measurements  of  Dubuat 
and  others,  and  from  them  deduced  values  of  the  coefficients  for  pipes 
and  canals.    In  1814  E3rtelwein,  from  a  atudy  of  91  observations  on 
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rivers  and  canals  covering  a  wide  range  of  conditions,  proposed  new 
values  for  the  coefficients  in  de  Prony's  formula.  De  Prony's  for- 
mula with  Eytelwein's  coefficients  was  used  extensively  for  several 
years. 

Additional  formulas  were  proposed  by  Young  in  1808,  by  Ber- 
langer  in  1828,  by  Lombardini  in  1844,  by  Taylor  in  1861,  by  Mlet 
in  1851,  and  by  Stevenson  in  1858. 

In  1851  de  Saint  Venant  proposed  the  first  of  the  formulas  which, 
in  this  report,  have  been  termed  exponential  formulas;  that  is,  he 
proposed  a  formula  based  on  the  assumption  that  the  velocity  does 
not  vary  as  the  square  root  of  the  slope  times  the  hydraulic  radius  as 
was  assumed  by  Brahms,  Chezy,  and  others,  but  that  it  varies 
according  to  some  fractional  power  of  the  slope  times  some 
other  fractional  power  of  the  hydraulic  radius,  both  terms  being 
multiplied  by  a  coefficient  as  in  the  Chezy  formula.  Formulas  of 
similar  nature  were  proposed  by  Lampe,  Flamant,  and  Hagen.  The 
last,  however,  concluded  that  the  exponents  of  the  slope  and  the 
hydraulic  radius  are  not  constants  except  for  given  classes  of  pipes 
or  channels. 

During  the  latter  half  of  the  nineteenth  century  numerous  for- 
mulas have  been  proposed.  A  few  of  these,  such  as  Kutter's  and 
Bazin's,  have  been  based  on  long  and  careful  studies  by  able  investi- 
gators. Others  have  been  based  on  but  poor  foundations.  All  for- 
mulas that  merit  consideration,  and  a  good  many  that  do  not,  are 
discussed  in  this  report. 


CHAPTER  II.— SUMMARY  AND  CONCLUSIONS 

MEASUREMENTS  OF  THE  1913  FLOOD 

The  results  of  the  measurements  of  the  1913  flood  are  given  in 
table  6,  page  60.  They  may  also  be  seen  on  the  map,  figure  14, 
page  61,  where  they  are  shown  at  their  respective  locations.  The 
maximum  rates  of  flow  are  fairly  consistent  throughout.  The  effect 
produced  by  high  rates  of  runoff  in  certain  small  creeks  is  shown  by 
the  measurements  on  the  main  stream  just  below.  The  data  obtained 
in  the  Miami  River  Valley  above  Dayton  is  especially  illustrative  of 
this. 

The  rates  of  flow  are  all  somewhat  higher  than  was  anticipated. 
However,  the  consistency  of  the  values  as  well  as  the  roughness  factor 
investigations  made  later,  show  that  they  are  accurate  within  reason- 
able limits.  It  is  not  believed  that  any  of  the  determinations  on  the 
larger  streams  can  be  in  error  more  than  10  per  cent  or  that  any  of 
those  made  on  the  smaller  tributaries  can  be  in  error  more  than  25 
per  cent.  These  figures  are  given  as  limits  of  possible  uncertainty. 
It  is  not  thought,  however,  that  any  of  the  measurements  are  actually 
that  much  in  error. 

There  are  but  few  accurate  records  of  runoff  in  the  United  States 
having  rates  per  square  mile  as  great  as  those  that  occurred  in  the 
Miami  Valley  in  March,  1913.  The  maximum  rates  of  runoff  in  the 
Scioto  and  Olentangy  River  Valleys  above  Columbus  during  the  same 
flood  were  practically  as  great  as  those  in  the  Miami  Valley,  as  will 
be  seen  by  referring  to  the  reports  of  Alvord  and  Burdick  on  Flood 
Protection  for  the  City  of  Columbus.  An  examination  of  European 
flood  prevention  literature  showed  that  such  rates  of  runoff,  although 
not  frequent,  have  occurred  in  parts  of  France  and  Germany  where 
the  topography,  permeability  of  surface,  annual  rainfall,  and  character 
of  storms  are  comparable  with  those  of  southwestern  Ohio;  while  in 
mountainous  regions  having  steep  slopes  and  impermeable  surfaces, 
even  greater  rates  have  occurred. 

ROUGHNESS  FACTOR  EXPERIMENTS 

The  results  of  the  roughness  factor  experiments  are  given  in  table 
9.  The  values  of  n  obtained  at  Tadmor  and  at  other  locations  show 
that  the  values  used  in  calculating  the  maximum  rates  of  discharge  of 
the  1913  flood  were  essentially  correct.    They  also  show  that  in  com- 
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puting  the  discharge  of  natural  river  channels  with  fringes  of  trees 
along  the  banks  it  is  immaterial  whether  or  not  the  areas  occupied  by 
the  trees  are  deducted.  The  rougnhess  factors  determined  for  the 
net  section  between  the  edges  of  the  timber  are  practically  the  same 
as  those  determined  for  the  entire  cross  section.  However,  both  values 
are  probably  somewhat  higher  than  the  value  that  would  be  applicable 
if  there  were  no  trees  present.  The  tree  trunks  and  branches  undoubt- 
edly produce  eddies  and  cross  currents  which  disturb  the  flow  far  out 
into  the  channel. 

The  results  of  the  measurements  made  during  the  higher  stages  on 
the  Miami  River  at  Dayton,  particularly  numbers  14  to  17,  in  table 
9,  where  the  discharge  varied  from  about  23,000  to  about  46,000  second 
feet,  show  that  the  values  generally  used  in  designing  large  channels 
in  earth  and  gravel  are  essentially  correct.  This  is  also  shown  by  the 
measurements  on  the  Miami  River  at  Hamilton  and  on  the  Ohio 
River  at  Cincinnati,  where  the  discharges  were  44,260  and  52,870 
second  feet  respectively. 

Experiment  13  made  on  the  Miami  River  at  Dayton  in  July,  1915, 
and  experiments  35  to  37,  made  on  the  Miami  and  Erie  Canal,  illus- 
trate the  retarding  effect  of  vegetation  on  the  flow  of  water.  The 
results  obtained  on  the  drainage  canals  in  Arkansas  are  about  the 
values  that  would  be  used  at  the  present  time  in  the  design  of  dipper 
dredge  ditches  through  clay  soils.  A  few  years  ago  it  was  customary 
to  use  values  as  low  as  0.025  and  0.0225.  The  investigations  on  the 
Bogue  Phalia  in  Mississippi  in  which  very  unusual  results  were  ob- 
tained, show  the  danger  of  applying  a  velocity  formula  to  an  extreme 
case.  The  values  of  n  in  this  series  varied  from  .044  to  0.100.  Niun- 
bers  47  to  84,  made  on  the  Mississippi  River,  illustrate  the  necessity  of 
dividing  the  cross  sections  of  such  channels  into  parts  and  computing 
the  discharge  of  the  main  channel  and  overflow  sections  independently. 

Perhaps  one  of  the  most  important  things  shown  by  the  roughness 
factor  investigations  is  the  necessity  for  accurate,  careful,  and  thor- 
ough work  in  securing  experimental  data.  For  open  channels  in 
earth,  results  based  on  one  isolated  cross  section  may  be  greatly  in 
error  even  though  considerable  care  was  exercised  in  measiuing  the 
slope  and  discharge.  If  the  slope  is  based  on  only  two  elevations  the 
results  are  still  more  questionable.  A  great  many  roughness  factor 
experiments  described  in  recent  engineering  literature  are  open  to 
question  on  account  of  such  methods.  Errors  in  measuring  discharge 
are  less  conunon. 

Next  in  importance  to  proper  methods  of  field  measurement  are 
proper  methods  of  computation.  Incorrect  results  may  be  obtained 
from  perfectly  satisfactory  field  data  if  the  calculations  are  not  cor- 
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rectly  made.  Failure  to  calculate  the  true  average  cross  section  in  the 
length  of  channel  in  which  the  slope  was  measured,  to  allow  for  changes 
in  velocity  head,  or  to  correct  for  rising  or  falling  stages  may  lead  to 
imcertainties  of  considerable  magnitude. 

INVESTIGATIONS  OF  VELOCITY  FORMULAS 

The  studies  and  comparisons  of  the  various  German  velocity  for- 
mulas, which  have  been  developed  on  the  assumption  that  a  roughness 
coefficient  is  not  necessary,  show  that  no  one  of  them  possesses  suf- 
ficient merit  to  warrant  its  use.  In  fact  no  one  of  them  could  be 
considered  to  be  definitely  better  than  the  others.  Although  the 
results  determined  by  the  Hessle  equation  show  up  fairly  well  in  cer- 
tain instances,  they  are  among  the  worst  in  others.  The  velocities 
calculated  by  the  Siedek  equation  are  apparently  the  most  erratic  and 
discrepant  of  aU,  being  as  much  as  100  per  cent  in  error  in  certain 
cases.  The  final  comparison  of  the  formulas,  figure  56,  page  233, 
shows  conclusively  that  in  any  general  formula  for  computing  veloci- 
ties in  open  channels  a  roughness  coefficient  is  necessary. 

The  exponential  formulas  thus  far  proposed  do  not  possess  any 
important  advantages.  The  equation  recently  proposed  by  Barnes 
is  not  as  accurate  as  his  comparisons  indicate.  In  fact,  the  type  of 
formula  that  he  assumes,  namely,  one  in  which  C  is  a  constant  for  a 
given  class  of  roughness,  does  not  appear  to  be  feasible.  If  any  ex- 
ponential equation  were  to  be  recommended  for  general  use  it  would 
be  one  similar  to  that  proposed  by  Williams. 

The  claim  that  C  is  less  variable  than  C  does  not  seem  to  be  cor- 
rect for  natural  river  channels,  as  will  be  seen  by  referring  to  chapter 
X.  In  fact,  for  such  conditions  the  reverse  appears  to  be  true.  What- 
ever constancy  is  gained  by  the  higher  exponent  of  /2  is  evidently  more 
than  offset  by  some  other  factor  or  factors  in  favor  of  the  Chezy  equa- 
tion. This  shows  that  no  saving  in  the  amount  of  engineering  judg- 
ment required  would  result  from  the  adoption  of  an  exponential 
formula. 

The  Biel  velocity  formula,  which  has  the  distinction  of  containing 
a  temperature  correction,  is  inferior  to  Bazin's  formula.  In  several 
series  of  experiments  in  which  the  roughness  conditions  were  constant 
the  roughness  factor  in  the  Biel  formula  was  found  to  vary  more  than 
the  corresponding  coefficient  in  the  Bazin  equation.  For  open  chan- 
nels the  temperature  term  is  negligible  in  all  but  very  extreme  cases. 
Even  in  those  instances  in  which  it  is  appreciable,  it  is,  of  course,  a 
question  as  to  whether  it  should  be  considered.  There  is  no  data  at 
hand  to  show  that  the  effect  assumed  by  Biel  is  correct.    The  publi- 
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cation  in  which  Biel  proposed  his  formula  was  not  available.  It  is 
said,  however,  that  he  recommended  his  formula  for  the  computation 
of  velocities  of  gases  and  liquids  in  general,  instead  of  for  water  only. 
In  view  of  this  fact  it  seems  probable  that  he  introduced  the  tempera- 
ture term  on  account  of  the  effect  of  temperature  on  the  flow  of  gases 
and  such  liquids  as  oils  rather  than  on  accoimt  of  its  effect  on  the  flow 
of  water. 

Manning's  formula,  in  its  original  form,  is  practically  as  good  as 
Kutter's  for  channels  of  small  or  ordinary  dimensions.  Although  his 
roughness  coefficient  is  slightly  more  variable  than  Kutter's  n  in  cases 
where  the  roughness  conditions  are  constant,  this  disadvantage  is  more 
than  offset  by  the  greater  simplicity  of  the  equation.  However,  for 
unusual  conditions  such  as  the  Mississippi  River,  Kutter's  formula 
possesses  the  advantage.  The  average  error  of  the  results  calculated 
by  the  Manning  formula  for  the  gagings  of  Humphreys  and  Abbot 
was  19.8  per  cent,  while  the  average  error  of  those  calculated  by  the 
Eutter  formula  for  the  same  gagings  was  only  4  per  cent.  For  gen- 
eral applicability  the  Kutter  equation  undoubtedly  possesses  an  ad- 
vantage. The  form  of  Manning's  equation  given  by  Parker  probably 
would  prove  satisfactory  for  a  limited  range  of  conditions.  For  gen- 
eral use,  however,  it  could  hardly  be  recommended. 

The  only  essential  difference  between  the  Bazin  and  Kutter  for- 
mulas is  that  the  latter  includes  a  slope  correction  while  the  former 
does  not.  Both  investigators  started  with  the  same  fundamental 
form.  In  fact,  for  certain  values  of  m,  n,  and  S,  the  two  formulas 
are  identical.  For  each  value  of  m  greater  than  0.36  there  is  a  set 
of  values  of  n  and  S  for  which  the  Kutter  formula  will  give  results 
identical  with  those  given  by  the  Bazin  formula,  for  all  values  of  R. 
For  values  of  m  less  than  0.36  S  would  have  to  be  negative  in  order 
for  the  two  formulas  to  be  the  same. 

Kutter  complicated  his  equation  by  introducing  the  slope  in  such 
a  way  as  to  cause  C  to  increase  with  an  increase  in  S  when  R  is  less 
than  one  meter,  to  be  independent  of  S  when  R  equals  one  meter^ 
and  to  increase  as  S  decreases  when  R  is  greater  than  one  meters  In 
all  cases,  the  effect  of  a  change  in  S  is  greatest  for  flat  slopes,  decreases 
as  S  increases,  and  becomes  negligible  when  S  is  about  0.001.  Kut- 
ter's determination  to  introduce  the  slope  in  this  manner  was  based 
primarily  on  a  study  of  Humphrejrs  and  Abbot's  gagings  on  the  Mis-r 
sissippi  River  and  on  the  measurements  made  by  Bazin  in  a  small 
experimental  channel.  Bazin  concluded  that  the  slope  effect  shown 
by  the  Mississippi  River  gagings  was  due  to  errors  in  measurement 
rather  than  to  any  general  law  appl3ring  to  the  flow  of  water.  Al- 
though he  recognized  the  effect  of  jS  on  C  in  certain  series  of  his  own 


28  MIAMI  CONSERVANCY  DISTRICT 

experiments  he  did  not  consider  it  to  be  of  sufficient  importance  to 
warrant  its  introduction  into  a  general  formula. 

Many  engineers  have  criticized  the  Eutter  formula  on  account  of 
its  containing  the  slope  term.  Some  have  expressed  the  opinion  that 
C  alwajTs  increases  as  S  increases  while  others  have  claimed  that  C 
is  entirely  independent  of  S.  Practically  all  of  them  have  admitted 
the  accuracy  of  Bazin's  work  and  have  questioned  the  accuracy  of  the 
Mississippi  River  gagings.  Bazin's  experiments  were  made  in  an  arti- 
ficial channel  about  6  feet  wide  and  about  3  feet  deep  while  Hum- 
phreys and  Abbot's  gagings  were  made  in  a  river  channel  about  a 
mile  wide  and  sometimes  as  much  as  135  feet  deep.  Such  inaccur- 
acies as  do  occur  in  the  latter  are  due  to  the  unfavorable  circum- 
stances imder  which  the  measurements  were  made  rather  than  to 
any  lack  of  care  on  the  part  of  the  observers. 

A  careful  study  of  the  gagings  made  by  Humphreys  and  Abbot 
which  were  used  by  Eutter  in  determining  his  slope  term^  has  been 
made  and  is  recorded  in  chapter  V.  This  study  included  a  compari- 
son of  their  results  with  the  later  and  more  accurate  work  of  the  Mis- 
sissippi River  Commission  as  well  as  a  comparison  of  vertical  velocity 
curves  obtained  by  double  floats  with  those  obtained  by  current  meters. 
It  was  found  that  the  velocities  as  given  by  Humphreys  and  Abbot 
are  probably  from  6  to  10  per  cent  too  large;  that  the  cross  sectional 
dimensions  are  probably  accurate  within  allowable  limits;  and  that 
the  values  of  S  may  possibly  be  in  error  as  much  as  55  per  cent  at 
Columbus,  from  7  to  21  per  cent  at  Vicksburg,  about  27  per  cent  in 
the  case  of  the  two  gagings  at  Carrollton  having  the  steeper  slopes, 
and  over  100  per  cent  in  the  case  of  the  other  two  gagings  at  Carrollton. 

On  first  thought  it  might  seem  that  the  magnitude  of  these  pos- 
sible errors  is  great  enough  to  discredit  Humphreys  and  Abbot's 
work.  However,  if  consideration  is  given  to  the  unfavorable  condi- 
tions under  which  the  measurements  were  made  as  well  as  to  the 
amount  of  knowledge  and  experience  available  at  that  time  regarding 
the  gaging  of  such  streams,  it  seems  remarkable  that  the  results  are 
as  good  as  they  are.  The  results  obtained  from  the  measurements 
at  Columbus  and  those  obtained  from  the  two  gagings  at  Carrollton 
where  the  slopes  were  least  are  the  only  ones  that  should  be  rejected. 
Although  the  other  gagings  offer  but  a  poor  basis  for  a  general  formula 
they  do  merit  consideration,  especially  since  errors  of  a  given  amount 
in  S  cause  errors  of  only  about  half  as  much  in  C.  Of  course  none  of 
the  measurements  should  be  rejected  on  account  of  the  errors  in 
velocity  since  allowance  can  readily  be  made  for  such  inaccuracies. 

While  the  various  engineers  who  have  criticized  the  Eutter  for- 
mula on  account  of  its  containing  a  slope  correction  have  differed 


FIG.  3— VIEW  LOOKING  WEST  ON  SECTION  C  AT  TADMOR. 
This  view  was  taken  from  the  east  end  of  the  cross  section.    The  water  reached 
the  edge  of  the.road  id  the  foreground  and  was  10  feet  deep  at  the  place  where  the 
man  is  standing. 


FIG.  4.— VIEW  LOOKING  EAST  ON  SECTION  C  AT  TADMOR. 
This  view  was  taken  from  the  place  where  the  roan  is  standing  in  figure  3. 


The  flood  bed  at  thia  place  was  characterized  by  stubble  and  gravel. 


The  loE^  twig  in  the  center  marks  the  lotation  of  the  croae  section  line. 
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somewhat  in  their  opinions  as  to  the  effect  of  jS  on  C  in  small  channels, 
they  have  unanimously  claimed  that  C  does  not  decrease  as  S  increases 
under  any  conditions.  However,  no  one  of  them  has  ever  submitted 
data  in  support  of  his  statements.  A  study  of  the  question  seems  to 
show  that  in  the  case  of  large  channels  having  flat  slopes  C  does  de- 
crease as  S  increases.  As  may  be  seen  by  referring  to  chapter  X, 
measurements  on  the  Irrawaddy  River  in  Burmah;  on  the  Bogue 
Phaha  River  in  Mississippi;  on  the  Mississippi  River  at  Carrollton, 
made  by  the  Mississippi  River  C!onmussion;  and  on  the  Volga  River 
at  Sczmara  and  Shigulyi  all  show  this  effect. 

For  small  channels  the  evidence  is  not  so  consistent.  Practically 
the  only  data  at  hand  suitable  for  investigating  this  effect  in  small 
channels  is  that  taken  by  Bazin.  Studies  based  on  such  of  his  data 
as  mi^t  properly  be  used  for  this  purpose  did  not  show  any  definite 
effect.  Out  of  five  comparisons  only  one  indicated  an  increase  in  C 
with  an  increase  in  S.  The  other  four  did  not  show  any  appreciable 
effect  of  S  on  C  Bazin's  conclusion  was  apparently  justified  in  the 
case  of  small  channels. 

It  is  not  unlikely  that  for  open  channels  C  always  decreases  with 
an  increase  in  S  but  that  this  effect  becomes  appreciable  only  in 
instances  where  the  slopes  are  imusually  flat.  It  is  not  possible  to 
say  at  present  whether  or  not  the  magnitude  of  the  effect  is  dependent 
on  the  size  of  the  stream  since  no  data  is  available  for  small  channels 
with  flat  slopes. 

Although  agreat  many  engineers  have  discussed  the  relative  merits 
of  the  Kutter  and  Bazin  formulas,  no  one  of  them  has  ever  made  a 
detailed  comparison  of  the  two  equations.  The  nearest  approach  to 
a  satisfactory  comparison  that  has  ever  been  published  is  the  one  given 
by  Bazin  when  he  proposed  his  new  formula.  A  cursory  examination 
of  this  mi^t  lead  to  the  conclusion  that  Bazin's  formula  is  the  better 
of  the  two.  However,  a  careful  study  of  Bazin's  work  shows  that  he 
was  somewhat  partial  to  his  own  equation.  In  certain  instances  his 
classification  of  experiments  seems  questionable.  In  others,  as  for 
instance  the  Irrawaddy  measurements,  he  hid  the  agreement  of  the 
Kutter  formula  by  platting  only  average  values.  While  he  did  not 
fail  to  point  out  the  advantages  of  his  own  equation  he  neglected  to 
call  attention  to  those  of  the  Kutter  formula,  as  may  be  seen  by  refer- 
ring to  chapters  VI  and  X. 

Several  engineers  have  said  that  in  series  of  experiments  where  the 
roughness  conditions  were  plainly  constant  Bazin's  m  is  less  variable 
than  Kutter  s  n.  However,  as  in  the  case  of  the  criticisms  of  the 
slope  effect,  no  one  of  them  submitted  evidence  to  prove  his  state- 
ments.   Studies  made  on  the  basis  of  24  series  of  experiments,  cover- 
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ing  a  wide  range  in  conditionB,  showed  that  the  average  variation  of 
m  exceeded  that  of  n  in  23  instances  out  of  the  total  of  24,  and  that 
in  the  24th  series  the  variation  in  m  was  as  great  as  the  variation  in  n. 
The  mean  of  the  average  variations  of  m  for  all  of  the  series  was  9.67 
per  cent  while  the  corresponding  value  for  n  was  only  3.58,  about 
one  third  as  great.  Out  of  the  total  of  24  comparisons  16  were  based 
on  Bazin's  own  measurements. 

There  is  no  question  but  that  Kutter's  formula  is  the  best  equa- 
tion for  open  channels  at  the  present  time.  Although  his  slope  term 
should  undoubtedly  be  changed  somewhat,  the  data  available  at  pres- 
ent  seems  to  indicate  that  such  a  correction  should  be  included  in 
some  form.  The  rather  clumsy  coefficients  appearing  in  the  formula 
for  the  E}nglish  system  of  units  doubtless  could  be  replaced  by  round 
numbers.  However,  it  does  not  seem  advisable  to  attempt  any  mod- 
ification at  present.  Algebraic  complications  are  of  no  particular 
importance  inasmuch  as  numerous  tables  and  diagrams  are  available 
for  use  in  determining  C  Although  the  slope  term  should  be  modi- 
fied it  would  be  better  to  wait  until  more  data  is  at  hand  before  at- 
tempting such  an  improvement. 

CONTRACTED  OPENING  ESTIMATES 

When  the  drop  in  the  water  surface  at  a  contracted  opening 
amounts  to  one  foot  or  more  and  the  length  of  the  contracted  section 
is  so  short  that  the  friction  head  is  either  negligible  or  only  a  small 
part  of  the  total  head,  the  conditions  afford  a  fairly  reliable  means 
of  calculating  the  discharge.  The  estimates  are  made  by  a  simple 
application  of  the  well-known  Bernoulli  theorem,  that  the  sum  of  the 
pressure  head,  friction  head,  and  velocity  head  is  a  constant.  Briefly 
stated  the  method  consists  in  determining  the  velocity  at  the  place 
of  maximum  contraction  by  adding  the  head  due  to  the  velocity  of 
approach  to  the  drop  in  the  water  surface  at  the  opening,  deducting 
the  friction  loss  through  the  contracted  section,  and  calculating  the 
velocity  corresponding  to  the  remaining  head  by  the  well-known  for- 
mula 

V  =  VSgh 

This  method,  which  is  explained  in  detail  in  chapters  III  and  XI 
and  which  has  been  used  by  the  Morgan  Engineering  Company  for 
some  time,  has  the  advantage  that  it  is  not  necessary  to  estimate  a 
roughness  factor.  Under  favorable  conditions  about  the  only  uncer- 
tain element  connected  with  the  computations  is  the  determination 
of  the  friction  head;  and,  in  cases  where  the  contraction  is  narrow 
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and  unobstructed  and  the  surface  drop  amounts  to  a  foot  or  more, 
this  factor  has  a  relatively  small  influence  on  the  calculations.  Of 
course  if  sharp  edges  or  square  comers  exist  at  the  entrance  to  the 
contraction,  it  will  be  necessary  to  apply  a  contraction  coefficient; 
but  the  value  of  this  factor  will  not,  in  general,  be  less  than  90  or  95 
per  cent.  Furthermore,  this  manner  of  calculating  discharges  has  the 
advantage  that  the  upper  limit  of  possible  error  is  always  definitely 
known.  It  is  certain  that  the  velocity  through  the  contraction  can- 
not exceed  the  velocity  corresponding  to  the  total  head  at  the  opening. 

This  method  was  foimd  to  be  especially  valuable  in  determining 
the  maximum  rates  of  flow  of  the  1913  flood.  Accurate  estimates  of 
discharge  were  obtained  by  the  aid  of  measurements  at  contracted 
openings,  at  places  where  results  calculated  by  velocity  formulas  alone 
would  have  been  very  questionable.  Even  where  the  flood  channels 
were  remarkably  well  adapted  to  calculations  by  velocity  formulas, 
measurements  at  contracted  openings  furnished  excellent  checks  on 
the  results. 

It  has  not  been  possible,  up  to  the  present  time,  to  secure  a  satis- 
factory experimental  test  of  this  method  of  measuring  the  flow  of 
water.  Only  one  experiment  has  been  secured  thus  far.  It  was 
made  at  a  contracted  opening  where  the  conditions  were  not  suitable 
for  an  accurate  estimate  of  discharge,  the  friction  head  amounting 
to  about  67  per  cent  of  the  total  head.  However,  the  results  obtained 
imder  these  unfavorable  conditions  are  not  without  value.  The  dis- 
charge calculated  from  the  drop  at  the  opening  only  differed  from  the 
value  obtained  from  the  current  meter  gaging  by  about  16  per  cent. 
This  may  be  considered  as  a  very  satisfactory  check  on  the  accuracy 
of  the  1913  flood  estimates,  since  for  those  measurements  the  friction 
head,  on  the  average,  was  only  about  26  per  cent  of  the  total  head. 
The  results  of  the  experiment  also  show  the  feasibility  of  securing 
fairly  reliable  estimates  of  discharge  by  this  method  even  imder  un- 
favorably cpnditions. 


CHAPTER   III.— MAXIMUM    DISCHARGE    RATES 

DURING  THE  1913  FLOOD 

The  maximum  discharge  rates  during  the  1913  flood  in  the  Miami 
Valley  were  determined  by  the  Morgan  Engineering  Company  during 
the  summer  of  1913,  from  two  to  eight  months  subsequent  to  the  flood. 
Two  general  methods  were  used,  both  based  on  the  highwater  marks 
which  were  visible  everywhere  throughout  the  flooded  section.  The 
first  involved  measurements  of  the  cross  section  of  the  flooded  valleys 
and  the  slopes  of  the  water  surface  and  followed  generally  accepted 
methods  of  computation;  the  second  was  based  upon  measurements 
of  the  sudden  drop  of  the  water  surface  in  passing  through  a  constricted 
opening.  In  the  following  discussion  the  first  method  will  be  desig- 
nated the  shpe^rea  method,  and  the  second  the  contracted  opening 
method. 

Good  locations  for  determining  flood  flow  were  found  not  only  on 
the  main  streams  but  also  on  the  smaller  tributaries.  They  were 
either  comparatively  regular  valley  sections,  free  from  bends  and  thus 
well  suited  to  slope-area  determinations,  or  were  contracted  openings 
with  sufficient  constriction  to  produce  definite  increases  in  head  and 
velocity.  A  field  party  was  organized  to  make  hydrographic  surveys 
of  the  locations  selected.  This  party  moved  from  place  to  place, 
working  out  each  location  separately,  their  individual  surveys  being 
tied  in  later  to  the  general  topographic  survey. 

THE  SLOPE-AREA  INVESTIGATIONS 

General  Method 

In  collecting  data  for  the  slope-area  calculations,  highwater  lines 
were  run  along  the  edges  of  the  valley  and  along  the  banks  of  the  river; 
and  typical  cross  sections  of  the  valley,  taken  at  right  angles  to  the 
direction  of  the  flow,  were  measured  at  intervals  of  300  to  800  feet, 
depending  upon  the  conditions  at  the  particular  location.  All  avail- 
able highwater  marks  were  located  and  their  elevations  determined. 
Notes  were  taken  concerning  margins,  thickness,  and  character  of 
timber;  conditions  of  the  bottom  of  the  valley  and  river;  fences, 
levees,  buildings,  railroads,  public  roads,  and  any  other  natural  or 
artificial  conditions  that  might  affect  the  flow  of  the  stream.  Be- 
sides noting  these  various  features,  estimates  were  made  of  the  value 
of  the  roughness  factor  n  in  Kutter's  formula  for  both  tll«  Overflow 
areas  and  for  the  main  channel  at  each  cross  section. 
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Points  were  located  by  stadia  methods.  Compass  bearings  were 
recorded  where  there  was  nothing  to  deflect  the  needle.  Where  com- 
pass bearings  might  be  in  error,  azimuth  angles  were  noted.  Ele- 
vations were  determined  by  leveling;  turning-points,  heights  of  instru- 
ment, bench  marks,  and  well-defined  highwater  marks,  such  as  could 
frequently  be  found  on  the  inside  of  buildings,  were  determined  to 
hundredths  of  a  foot.  The  error  of  closure  of  all  level  circuits,  ex- 
pressed in  feet,  was  not  permitted  to  exceed  0.04I^JIf ,  where  M  is  the 
length  of  the  circuit  in  miles.  Groimd  surfaces,  soundings,  and  ordi- 
nary highwater  marks,  such  as  were  found  on  trees,  were  determined 
to  the  nearest  tenth  of  a  foot.  Distances  were  read  to  the  nearest  foot 
where  possible.  Readings  with  the  level  were  not  taken  at  distances 
greater  than  500  tdst. 

In  computing  quantities  from  the  slope-area  measurements,  the 
Kutter  equation  was  chosen  for  the  preliminary  estimates,  since  it 
is  the  one  most  generally  employed  by  Englishnspeaking  engineers. 
Although  information  regarding  the  proper  values  of  the  roughness 
factor  n  for  use  under  such  flood  conditions  as  existed  in  this  valley 
in  1913,  was  limited,  still  less  data  was  available  regarding  the  proper 
coefficients  to  be  used  in  other  formulas.  The  necessity  for  a  thor- 
ough study  of  existing  velocity  equations  and  of  the  influence  of 
roughness  upon  flow  was  recognized.  The  study  was  later  taken 
up  in  detail  and  is  described  in  chapters  V  to  X  of  this  volume.  Our 
experimental  determinations  of  the  roughness  factor  n  in  the  Kutter 
formula  are  given  in  chapter  IV. 

The  general  conclusion  drawn  from  these  later  detailed  investi- 
gations was  that  there  is  no  safer  formula  for  computing  velocities 
in  open  channels  than  that  of  Ganguillet  and  Kutter.  C!onsequently, 
the  final  results  were  computed  by  that  equation.  While  in  certain 
cases  it  was  found  advisable  to  modify  slightly  the  originally  assumed 
values  of  roughness  factor,  on  the  whole,  but  few  changes  were  neces- 
sary. 

At  the  time  the  preliminary  estimates  were  made  the  published 
information  regarding  the  proper  value  of  n  for  use  under  the  condi- 
tions obtaining  in  the  Miami  Valley  was  practically  limited  to  the 
data  in  Bering  and  Trautwine's  translation  of  the  Ganguillet  and 
Kutter  book,*  and  to  the  measurements  on  the  Susquehanna  River 
described  by  R.  H.  Anderson  in  the  Engineering  News  of  August  4, 
1904.  In  addition  to  these  published  results,  the  measurements  made 
by  the  Morgan  JBngineering  Company  on  the  St.  Francis  River  in 

^A  General  Formula  for  the  Uniform  Flow  of  Water  in  RlverB  and  Other 
Channels,  by  E.  Ganguillet  and  W.  R.  Kutter,  translated  from  the  German  by 
Rudolph  Hering  and  John  C.  Trautwine,  Jr.,  1891. 
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TaUe  1. — ^Vtlues  of  n  for  Open  Chamiels  in  Bad  Order,  Determined  by  Gagings 


No. 

1 

Authority 

Stream 

Remarks 

Hy- 
draulic 
Radius 

It 

Surface 

Slope 

S 

Velocity 
V 

Roui^- 

neoB 
Factor 

n 

Hering    & 
Trautwine's 
translation 
of  Kutter's 
work 

River  Isar 

Coarse    gravel 
and  detritus 

6.05 

.0025 

7.18 

.0352 

2 

Do. 

River  Salzach 

Detritus 

7.39 

.00112 

5.78 

.0337 

3 
4 
5 

Do. 

Zihl 

Bed  very  irreg- 
ular.  Mud  or 
fine  detritus 

3.52 
5.02 
5.53 

.00040 
.00046 
.00081 

2.30 
3.70 
4.62 

.0300 
.0253 
.0290 

6 

7 

Do. 

Aar,    near 
Aarberg 

Detritus    in 
small  quan- 
tities 

6.69 
6.10 

.00079 
.00127 

5.64 
6.13 

.0263 
.0292 

8 

9 

10 

Do. 

Aar,  at  Berne 

Irregular   bed. 
Detritus  in 
small  quanti- 
ties 

4.22 
7.07 

7.78 

.00046 
.00080 
.00099 

2.82 
5.15 
7.51 

.0300 
.0305 
.0250 

11 
12 

Do. 

Aar,    near 
Thalgut 

Irregular  bed. 
Detritus 

4.58 
7.06 

.00178 
.00178 

5.45 
6.77 

.0320 
.0348 

13 
14 
15 

Do. 

Aar,   near 
BOren 

Irregular   bed. 
Sand  and  mud 

11.5 
14.9 
16.8 

.00010 
.00010 
.00012 

2.21 
3.38 
4.23 

.0385 
.0284 
.0264 

16 
17 
18 
19 
20 
21 
22 
23 
24 
25 

Do. 

Sadne  at  Ra- 
connay.  Slope 
measurements 
uncertain  for 
numbers    16> 
17,  and  18 

Experiments 
classed  under 
irregular 
channels 

3.88 

4.77 

7.06 

8.92 

10.87 

11.61 

11.81 

13.27 

14.64 

15.83 

.00004 

0.56 
0.81 
0.99 
1.60 
1.85 
1.91 
1.94 
2.25 
2.37 
2.38 

.0425 
.0348 
.0399 
.0285 
.0286 
.0293 
.0292 
.0270 
.0277 
.0296 

26 
27 

Do. 

Rhine  at  Basel 

Coarse  detritus 
coarse  gravel 

6.89 
6.89 

.00093 
.00122 

6.36 
6.38 

.0259 
.0300 

28 

Do. 

Rhine  at  Neu- 
burg 

Detritus 

13.91 

.00039 

5.84 

.0297 

29 

Do. 

Rhine  at  Pforz 

Detritus 

13.94 

.00036 

5.64 

.0294 

30 

Do. 

Danube    at 
Ravensburg 

Bed   irregular. 
Sand  or  fine 
gravel 

5.77 

.00054 

3.76 

.0300 
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Table  1.     Continued 


Hy- 

Rougb- 

draullo 

Surface 

Velocity 

neflB 

No. 
31 

Auttiorlty 

Btreun 

Remarks 

Radius 
R 

Slope 
8 

V 

Factor 
n 

Hering    & 

Irrawaddy  at 

Bed    mostly 

16.28 

.0000086 

1.01 

.0420 

32 

Trautwine's 

Saiktha, 

sand,  with  oc- 

17.52 

.0000129 

1.46 

.0357 

33 

translation 

Burmah 

casional 

18.49 

.0000172 

1.78 

.0336 

34 

of  Kutter's 

shingle.  Chan-*  19.88 

.0000215 

2.08 

.0328 

35 

work 

nel  and  maxi- 

19.99 

.0000258 

2.36 

.0304 

36 

mum  depth 
near   right 

20.40 

.0000301 

2.62 

.0292 

37 

21.13 

.0000344 

2.86 

.0286 

38 

bank.     Right 

22.97 

.0000387 

3.09 

.0293 

39 

bank  rocky  in 

24.70 

.0000430 

3.32 

.0300 

40 

places,    but 

26.42 

.0000473 

3.55 

.0306 

41 

- 

generail^  cov-   28.11 

.0000516 

3.77 

.0310 

42 

ered  with 

29.80 

.0000560 

3.99 

.0315 

43 

sand 

31.68 

.0000603 

4.21 

.0320 

44 

33.57 

.0000646 

4.43 

.0325 

45 

35.44 

.0000689 

4.65 

.0330 

46 

37.31 

.0000732 

4.87 

.0336 

47 

39.16 

.0000775 

5.11 

.0337 

48 

41.01 

.0000818 

5.38 

.0336 

49 

42.82 

.0000861 

5.72 

.0327 

50 

44.47 

.0000904 

6.15 

.0314 

51 

Morgan  Eng. 

St.  Francis 

Total  cross 

8.90  0.000080 

1.84 

0.0344 

Co.    See 

River  at 

section  in- 

table 9 

Marked  Tree 

cluding  trees 

52 

• 

Net  cross  sec- 

9.13 0.000080 

1.88 

0.0343 

tion,  tree  areas 

deducted 

53 

Eng.  News 

Susquehanna 
at  Duncan's 

Very  bad  order,'  16.68 

.00140 

8.38 

.0468 

54 

Aug.  4, 1904 

rocky  and  ir- 
regular 

15.51 

.00133 

7.86 

.0462 

55 

Run 

10.12 

.000244 

2.60 

.0460 

56 

26.20 

.00138 

9.96 

.0545 

Arkansas,  described  in  chapter  IV,  were  consulted.  In  table  1  are 
grouped  all  the  gagings  made,  prior  to  1913,  in  large  natural  channels 
in  which  the  conditions  appear  to  approximate,  in  some  measure, 
those  that  existed  in  the  Miami  River  at  the  time  of  the  1913  flood. 
In  computing  the  discharge  individual  cross  sections  were  some- 
times considered  as  being  made  up  of  separate  channels.  Where  the 
overflow  area  was  wide  and  comparatively  shallow,  and  the  main 
channel  narrow  and  deep,  as  at  Tadmor,  see  figure  1,  the  overflow 
area  was  arbitrarily  separated  from  the  river  channel  and  the  dis- 
charge of  each  part  computed  independently.  Portions  of  the  cross 
section  that  were  occupied  by  trees  were  omitted  altogether,  although 
in  some  cases  conditions  were  found  that  indicated  the  existence  of 
sUght  velocities  through  such  places.  When  there  were  trees  on  the 
dividing  lines  between  the  respective  parts  of  the  channels,  the  ver- 
tical distances  at  the  margins  of  the  trees  were  included  in  the  wetted 
perimeters.  The  results  computed  for  the  separate  channels  were,  of 
course,  totaled  to  give  the  discharge  of  the  entire  cross  section. 
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Values  of  the  roughness  factor  n  were  estimated  for  each  part  of 
each  cross  section  after  carefully  considering  the  notes  recorded  in  the 
field  by  the  assistant  chief  of  party,  the  roughness  conditions  of  the 
particular  location  as  compared  with  those  of  the  other  locations,  and 
with  the  gagings  mentioned  above,  which  are  given  in  table  1.  The 
values  chosen  were  later  carefully  considered  and  revised  by  Arthur 
E.  Morgan,  president  of  the  Morgan  Engineering  Company,  and  by 
S.  M,  Woodward,  consulting  engineer  of  Iowa  City,  Iowa,  both  of 
whom  had  had  more  than  ten  years  experience  in  the  use  of  the  Kut- 
ter  formula  and  who  were  familiar  with  the  probable  range  of  values 
of  n  for  such  conditions.  In  addition,  the  opinions  of  other  members 
of  the  staff  who  were  competent  to  discuss  the  subject  were  sought. 
These  preliminary  estimates  were  again  revised  where  found  necessary 
in  the  Ught  of  the  additional  data  obtained  subsequently.  In  all 
cases  effort  was  made  to  determine  the  value  of  n  corresponding  to 
the  actual  conditions  as  observed  on  the  ground,  and  entirely  without 
bias  caused  by  the  magnitude  or  inconsistency  of  the  results  obtained. 
The  roughness  factors  are  beUeved  to  be  consistent  for  all  locations. 
Although  the  entire  system  may  be  slightly  high  or  slightly  low,  it 
is  not  believed  that  such  errors  are  of  appreciable  magnitude. 

As  a  general  rule,  computations  were  carried  to  three  significant 
figures.  However,  the  final  values  of  C  in  the  Chezy  Formula  were 
not  taken  closer  than  the  nearest  unit,  and  values  of  hydraulic  radii 
were  not  taken  closer  than  the  nearest  tenth  of  a  foot.  All  the  high- 
water  elevations  secured  in  one  locaUty  were  plotted  on  profiles;  then 
the  surface  slope  was  obtained  from  the  average  straight  line  drawn 
through  the  plotted  points.  CrossHsectional  areas  of  flow  space  were 
determined  by  planimeter  measurement  from  the  plotted  cross  sec- 
tions. 

Typical  Example 

The  methods  followed  may  be  illustrated  by  describing  in  detail 
a  typical  case  of  the  slope-area  investigations,  as  represented  by  the 
studies  at  Tadmor,  a  railroad  crossing  and  post  office  on  the  Miami 
River  about  ten  miles  above  Dayton.  The  general  topographic  and 
hydrographic  conditions  at  this  place  are  shown  on  the  accompany- 
ing plat,  profiles,  and  cross  sections,  figures  1  and  2.  Since  this  loca- 
tion is  above  the  outlets  of  the  Stillwater  and  Mad  Rivers,  the  dis- 
charge was  only  that  from  the  drainage  area  of  the  Upper  Miami,  a 
total  of  about  1130  square  miles.  The  surve}^  covered  a  length  of 
valley  of  about  three  miles,  extending  from  the  east  and  west  road 
about  a  mile  and  a  half  above  Tadmor,  southerly  to  a  place  about  an 
equal  distance  below  Tadmor. 

Above  Tadmor,  where  four  of  the  cross  sections  were  taken,  the 
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FIG.  I.— CROSS  SECTIONS  OF  THE  MIAMI  VALLEY  NEAR  TADMOR, 
OHIO. 
Hiese  sections  were  used  in  calculftting  the  maximum  rate  of  discharge  of  the 
flood  of  March,  1913,  at  Tadmor.    The  locations  of  the  cross  sections  are  shown  in 
Ggui«2. 
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valley  is  straight,  regular,  free  from  obstructions,  and  well  suited  for 
an  estimate  by  the  Chezy  formula.  The  flood  plain  is  a  flat,  regular 
strip  of  agricultural  land  about  1100  feet  wide,  free  from  any  large 
ridges  or  depressions;  and,  with  the  exception  of  the  extreme  upper 
end  of  the  stretch,  where  the  river  crosses  from  the  east  side  of  the 
valley  to  the  west,  it  lies  entirely  on  the  east  side  of  the  stream.  The 
main  channel  is  practically  straight  below  the  place  where  it  reaches 
the  west  side  of  the  valley,  is  about  250  feet  wide,  and  is  free  from 
bars,  rapids,  or  holes  of  appreciable  extent.  Between  the  west  bank 
of  the  river  and  the  hills,  is  the  Miami  and  Erie  Canal,  with  its  bed 
about  20  feet  above  the  bottom  of  the  river;  on  the  west  side  of  the 
canal  lies  the  C.  H.  &  D.  Railroad,  with  its  track  about  15  feet  above 
the  bed  of  the  canal.  Although  the  flood,  at  the  time  of  its  maximum 
height,  overtopped  the  towpath  of  the  canal,  it  lacked  several  feet  of 
reaching  the  railroad  track.  Both  sides  of  the  river  channel  are  cov- 
ered with  bushes  and  trees;  while  a  small  levee,  from  4  to  6  feet  high, 
has  been  built  on  the  top  of  the  east  bank. 

The  valley  below  Tadmor,  where  three  of  the  sections  were  taken, 
is  not  quite  so  uniform  as  it  is  above.  The  flood  Unes  are  sUghtly 
more  irregular;  the  bottom  of  the  valley  is  slightly  rougher;  and  the 
fringe  of  trees  along  the  river  is  considerably  thicker.  The  width  of 
the  flood  plain  increases  gradually  from  about  1600  feet  at  Tadmor 
to  about  2600  feet  at  a  place  about  4500  feet  below  Tadmor,  and  then 
narrows  gradually  to  a  width  of  about  2000  feet  at  the  lower  end  of 
the  survey.  The  river  leaves  the  west  side  of  the  valley  at  Tadmor 
and  crosses  over  to  the  east  side  on  a  nearly  straight  line,  reaching  the 
east  side  at  about  the  place  where  the  flood  plain  is  widest.  It  then 
follows  the  east  side  through  the  remainder  of  the  section  in  which 
the  investigations  were  made.  The  main  channel  below  Tadmor  is 
slightly  wider  and  somewhat  more  irregular  than  above,  as  will  be 
seen  by  referring  to  figure  1.  The  C.  H.  &  D.  Railroad  and  the  Miami 
and  Erie  Canal  continue  along  the  west  side  of  the  valley.  At  no 
place  below  Tadmor  did  the  flood  overtop  the  towpath  of  the  canal. 

The  profiles  of  the  various  cross  sections,  drawn  with  an  exagger- 
ated vertical  scale,  are  shown  in  figure  1.  The  maximum  height 
reached  by  the  flood  is  indicated  in  each  case  by  the  dotted  Une,  while 
the  shaded  portion  in  the  bottom  of  the  main  channel  represents  the 
normal  low-water  cross  section.  In  the  upper  part  of  figiu^  2  is  shown 
a  plat  of  the  valley,  upon  which  has  been  indicated  the  location  of  the 
measured  cross  sections;  in  the  lower  part  of  the  figure  is  shown  the 
maximum  highwater  profile  of  the  1913  flood.  The  round  dots  indi- 
cate a  few  of  the  highwater  marks  that  were  secured.  Since  it  would 
confuse  the  figure  to  show  all  elevations  that  were  obtained,  only  a 
few  of  the  most  accurate  and  typical  ones  are  indicated. 
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In  order  to  explain  the  methods  of  procedure  more  fully,  the  com- 
putation of  the  discharge  at  one  of  the  cross  sections  will  be  described. 
Section  C  has  been  chosen- because  it  is  not  likely  to  have  been  affected 
by  any  unusual  conditions  of  flow  that  might  be  caused  by  the  cross- 
ing of  the  channel  from  one  side  of  the  valley  to  the  other,  or  by  the 
road  and  bridge  at  Tadmor.  Since  the  overflow  area  was  much  wider 
and  shallower  than  the  main  channel,  these  two  portions  were  con- 
sidered separately.  The  areas  occupied  by  trees  were  omitted  from 
the  calculation  altogether.  The  west  edge  of  the  overflow  area  was 
assumed  to  be  at  the  east  margin  of  the  trees  on  the  east  bank;  the 
boimdaries  of  the  main  channel  were  assumed  to  be  at  the  inner  edges 
of  the  trees.  The  vertical  depths  at  the  edges  of  the  trees  were  in- 
cluded in  the  wetted  perimeters. 

Figure  3  is  a  photograph  taken  from  a  place  just  above  the  east 
end  of  section  C,  looking  west  along  the  profile  of  the  cross  section 
toward  the  river.  The  location  of  the  cross  section  line  is  shown  by 
the  man  in  the  center  of  the  view.  In  the  background  may  be  seen 
the  small  levee  and  the  fringe  of  trees  that  follow  the  east  edge  of 
the  main  channel.  The  overflow  area  is  seen  to  be  a  cultivated  field, 
free  from  trees,  bushes,  or  other  obstructions  to  flow. 

The  character  of  the  groimd  surface  is  shown  more  in  detail  by 
figures  4  and  5  which  were  taken  looking  east  and  west  respectively 
from  the  place  near  the  center  of  the  section  where  the  man  is  stand- 
ing in  figure  3.  Alluvial  soil,  interspersed  with  some  sand  and  gravel, 
is  seen  to  prevail.  The  flood  waters  at  this  place  were  about  10  feet 
deep.  The  east  end  of  the  section  is  indicated  in  figure  4  by  the  man 
standing  in  the  road  near  the  center  of  the  backgroimd  while  the 
west  end  of  the  section  is  indicated  in  figure  5  by  the  X  near  the 
center  of  the  view.  Although  these  photographs  were  taken  in  the 
spring  of  1915  the  conditions  depicted  are  almost  exactly  similar, 
even  to  the  presence  of  the  cornstalks,  to  those  obtaining  at  the  time 
of  the  flood. 

Figure  6  is  a  view  looking  east  along  the  cross  section  from  a  place 
on  the  levee  shown  in  figure  5.  The  location  of  the  cross  section  line 
is  indicated  by  the  long  twig  near  the  center  of  the  picture.  Figure 
7  is  a  view  looking  west  across  the  river  from  the  place  where  figure 

6  was  obtained.  Figure  8  is  a  detail  view  of  the  levee  and  trees  on 
the  east  side  of  the  stream  taken  at  the  same  place.  The  average 
diameter  of  the  trees  is  about  8  inches  and  the  resistance  which  they 
offer  to  the  flow  is  apparent  from  the  thick  growth  shown  in  figures 

7  and  8.  The  character  of  the  timber  is  also  illustrated  by  figures  9 
and  10,  taken  looking  up  and  down  the  river  respectively  from  a  place 
on  section  C  near  the  low  water  edge.    It  should  be  noted  that  the 


V  shows  the  levee  and  tho  t, 


FIG.  9.— VIEW  OF  THE  MIAMI  RIVEE  AT  TADMOR,  LOOKING  UP- 
STREAM FROM  SECTION  C. 
Note  the  treea  and  bushes  that  line  the  edges  of  the  channel. 


The  National  Rnad  bridge  may  be  st 
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bar  appearing  in  figure  9  was  formed  after  the  1913  flood  had  passed. 
The  highway  bridge  at  Tadmor  is  seen  in  figure  10. 

After  the  area  of  the  flow  space  had  been  measured  on  the  platted 
cross  section,  and  after  the  value  of  the  surface  slope  had  been  deter- 
mined from  the  profile,  it  was  necessary  to  choose  a  value  for  the  rough- 
ness factor  n.  It  has  been  shown  by  the  foregoing  discussion  and  fig- 
ures that  the  overflow  section  was  comparatively  smooth  and  regular 
and  that  the  main  channel,  although  boimded  by  trees,  was  practi- 
cally straight  and  free  from  bans  or  obstructions.  It  appeared  that, 
in  this  case,  the  roughness  factor  for  the  overflow  channel  should  be 
the  same  as  the  factor  for  the  main  channel.  For  conditions  similar 
to  those  at  section  C  the  recommendations  of  Kutter  and  other  hy- 
draulicians  are  as  follows: 

Hering  and  Trautwine's  translation  of  Ganguillet  and  Kutter's  Flow 
of  Water  in  Rivers  and  Other  Ghannels,  page  61,  gives  for 

streams  with  detritus  or  aquatic  plants n  ■■  .030 

Trautwine's  Engineers  Pocketbook,  page  565,  gives  for  channels 

having  occasional  stones  and  weeds n  »  .030 

For  channel  in  bad  order  and  regimen,  overgrown  with  vegeta- 
tion, and  strewn  with  stones  or  detritus n  ■■  .035 

Merriman's  Treatise  on  Hydraulics,  ninth  edition,  page  288,  gives  for 

canals  and  rivers  with  some  rtones  and  weeds n  ■>  .030 

For  canals  and  rivers  in  bad  order. n  »  .035 

For  wild  torrents,  page  319 n  «  .04O-.060 

Hughes  and  Safford's  Hydraulics,  page  342,  gives  for  channels  in 
earth,  with  detritus  or  aquatic  plants,  vaiying  from  good  to 

bad  condition n  -  .030-.040 

For  natural  streams  of  irregular  form  with  flood  flow n,B  .04O-.050 

The  figures  quoted  are,  of  course,  merely  mean  values,  and  the 
difficulty  of  applying  a  particular  rating  to  a  specific  condition  is  evi- 
dent. In  order  to  arrive  at  a  better  imderstanding  of  the  matter  the 
results  of  the  gagings  given  in  table  1  were  examined.  Because  of 
our  lack  of  knowledge  concerning  the  exact  methods  by  which  they 
were  made,  they  are,  individually,  all  more  or  less  uncertain,  but  col- 
lectively they  are  of  relative  value.  It  is  probable  that  the  conditions 
which  they  represent  are  on  the  average  better  than  those  obtaining 
in  section  C;  and  we  note  that  the  mean  value  of  n  for  the  entire 
group  is  0.0332. 

Measurements  51  and  52,  which  are  recorded  in  chapter  IV,  were 
made  in  a  channel  whose  condition  was  not  materially  different  from 
that  of  the  Miami  at  section  C.  Their  average  roughness  factor  is 
0.03435.  Numbers  53  to  56  are  results  secured  on  a  stream  of  very 
turbulent  flow  and  are  indicative  of  a  degree  of  roughness  greatly  in 
excess  of  that  at  Tadmor.  The  mean  value  of  n  for  these  numbers 
is  0.0484. 
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This  study  indicated  that  the  proper  value  of  n  for  section  C  would 
lie  between  .031  and  .035.  The  higher  value  was  adopted  since  it 
seemed  more  consistent  with  the  values  already  chosen  for  the  other 
cross  sections.  A  value  of  .033  would  probably  have  been  chosen  for 
the  overflow  area  if  it  had  not  been  for  the  small  ridge  of  stone  and 
bushes,  to  be  seen  in  figures  5  and  8,  lying  across  the  path  of  the  flow 
just  above  the  section. 

When  the  results  of  the  computations  for  the  various  sections  were 
compared  it  was  found  that  the  discharge  at  C  was  somewhat  lower 
than  at  the  others.  It  seems  probable  that  the  value  of  n  chosen  was 
too  large  by  one  or  two  thousandths.  This  beUef  is  strengthened  by 
the  results  of  the  roughness  factor  experiments,  described  in  chapter 
IV,  which  were  made  later  in  the  same  stretch  of  channel,  when  the 
river  was  at  bank-full  stage. 

Results  by  Slope-Area  Method 

Table  2  gives  the  detailed  computations  and  results  for  the  seven 
different  cross  sections  of  the  valley  that  were  measured  at  Tadmor. 
The  detailed  computations  and  results  for  the  various  other  locations 
where  slope-area  measurements  were  made  are  given  in  table  3.  For 
each  location  the  average  maximum  rate  of  runoff  is  given  immedi- 
ately below  the  computations.  In  cases  where  measurements  were 
made  by  the  contracted  opening  method  also^  the  final  results,  given 
later,  are  sUghtly  different  from  those  given  in  table  3. 

The  data  in  table  3  shows  that  as  a  general  rule,  the  investigations 
on  the  larger  streams  were  more  satisfactory  than  those  on  the  smaller 
ones.  More  uniform  stretches  of  channel  could  be  found  on  the  larger 
streams.  The  overflow  areas  were  more  uniform  and  smoother;  the 
main  channels  were  straighter  and  less  obstructed  by  trees  or  bushes; 
and  the  surface  slopes  were  flatter  and  in  closer  correspondence  with 
the  data  given  in  table  1. 

As  a  typical  example  of  the  less  accurate  results  obtained  on  the 
smaller  tributaries,  may  be  mentioned  the  measurements  on  Tawawa 
Creek,  where  the  largest  cross  section  was  about  308  per  cent  of  the 
smallest,  the  surface  slopes  ran  as  high  as  4.15  feet  per  thousand, 
21.9  feet  per  mile,  and  the  greatest  discharge  given  by  one  section 
was  about  246  per  cent  of  the  least.  In  the  investigations  on  the 
Miami  River  above  Lockington,  however,  a  location  where  the  con- 
ditions were  not  unusually  favorable,  the  largest  cross  section  was 
only  about  124  per  cent  of  the  smallest,  the  surface  slope  was  only 
from  1.0  to  1.5  feet  per  thousand,  5.28  to  7.92  feet  per  mile,  and  the 
greatest  discharge  given  by  one  cross  section  was  only  about  128  per 
cent  of  the  least. 
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The  values  of  the  roughness  factor  n  used  at  the  various  places 
are  seen  to  vary  from  .030  to  .070,  .030  being  used  for  cross  sections 
D-1  and  D-2  on  Buck  Creek  at  Springfield,  where  the  channels  were 
exceptionally  smooth,  and  .070  being  used  for  certain  of  the  overflow 
areas  in  the  Twin  Creek  investigations  where  the  wetted  perimeters 
were  unusually  rough. 

THE  CONTRACTED  OPENING  INVESTIGATIONS 

Although  formulas  for  the  calculation  of  discharge  at  contracted 
openings  have  been  discussed  at  some  length  in  European  literature 
they  have  been  explained  but  briefly,  if  at  all,  in  most  of  our  English 
textbooks  on  hydraulics.  Even  in  those  that  do  take  up  the  subject 
some  errors  appear  to  exist.  In  recognition  of  this  fact,  and  because 
the  contracted  opening  methods  fumigh  an  important  check  on  the 
results  computed  by  the  less  accurate  Chezy  formula,  it  has  been 
thought  advisable  to  take  up  this  subject  in  chapter  XI.  While  the 
methods  usied  and  the  theory  upon  which  they  are  based  will  be  dis- 
cussed in  detail  in  chapter  XI,  the  particular  computations  of  the 
1913  flood  discharges  will  be  described  briefly  in  the  present  chapter. 
These  methods  were  originally  suggested  by  Professor  S.  M.  Wood- 
ward. Although  they  have  heem  used  by  the  Morgan  Engineering  Com- 
pany for  some  time,  so  far  as  can  be  learned  no  description  of  them  has 
ever  been  published  except  that  given  in  the  Official  Plan  of  the  Miami 

Conservancy  District. 

General  Method 

The  siu*veys  for  the  contracted  opening  investigations  were  made 
in  the  same  general  manner  as  those  for  the  slope-area  determinations. 
They  consisted,  for  the  most  part,  of  detailed  soimdings  and  deter- 
minations of  flood  surface.  Reliable  highwater  marks  in  sufficient 
number  to  determine  the  average  slope  above  the  drop-off,  the  drop- 
off curve  itself,  the  lowest  part  of  the  trough,  the  standing  wave,  and 
the  get-away  slope,  were  secured.  Soundings  were  taken  along  sec- 
tions between  upstream  and  downstream  edges  of  abutments,  along 
lines  just  above  and  just  below  the  openings,  and  at  enough  pK>ints  to 
locate  the  maximum  scour,  edges  of  holes,  and  general  configuration 
of  river  bottom.  Where  surveys  for  slope-area  calculations  had  not 
already  been  made  in  the  valley  just  above  the  contraction,  a  typical 
valley  cross  section  for  use  in  estimating  velocity  of  approach  was 
determined.  Notes  were  recorded  concerning  the  nature  of  the  bot- 
tom, the  condition  of  abutments,  conditions  above  and  below  the 
opening,  and  any  other  features  that  might  affect  the  flow. 

With  this  data  at  hand,  the  principal  element  in  calculating  the 
discharge  through  a  contracted  opening  was  the  determination  of  the 
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velocity  head  at  the  location  of  maximum  contraction.  When  this 
head  was  found  the  discharge  was  at  once  computed  by  multiplying 
the  area  of  the  flow  space  at  the  location  of  maximum  contraction, 
determined  by  the  surveys,  by  the  velocity  corresponding  to  the  ve- 
locity head.  Such  determination  of  velocity  head  involved  two  steps; 
first,  the  determination  of  the  velocity  of  approach;  and  second,  the 
determination  of  the  friction  loss  in  the  section  in  which  the  necessary 
increase  in  velocity  is  acquired.  The  velocity  head  is,  of  course, 
simply  the  total  drop  in  the  water  surface,  as  shown  by  the  surveys, 
plus  the  head  due  to  the  velocity  of  approach,  minus  the  head  lost 
in  friction. 

The  velocity  of  approach  was  obtained  from  the  slope-area  meas- 
urements above  the  opening,  if  such  measurements  had  been  made; 
from  the  measured  slope  of  approach,  using  the  Kutter  formula;  or 
by  dividing  an  estimated  discharge  by  the  area  of  the  flood  cross 
section  just  above  the  drop  in  water  surface.  If  determined  by  the 
last  method,  successive  approximations  were  made  until  the  estimated 
flow  in  the  cross  section  above  the  contraction  equaled  that  computed 
from  the  drop-off  at  the  contracted  opening.  Since  the  velocity  of 
approach  was  a  minor  factor,  this  method  did  not  lead  to  appreciable 
error. 

The  friction  loss  was  estimated  by  the  following  method  of  suc- 
cessive approximation.  A  certain  value  was  assumed  and  subtracted 
from  the  total  head,  drop-off  plus  head  due  to  velocity  of  approach, 
thus  giving  an  assumed  velocity  head.  The  square  of  the  velocity 
corresponding  to  this  head  was  then  averaged  with  the  square  of  the 
velocity  of  approach  to  obtain  the  square  of  the  average  velocity  in 
the  section  imder  discussion.  It  is  believed  that  this  method  gives 
a  value  nearer  correct  than  that  obtained  by  a  simple  average  of  the 
two  velocities.  The  friction  loss  was  then  computed  by  multiplying 
together  the  length  of  the  section  in  which  the  additional  velocity  was 
acquired,  the  surface  slope  above  the  drop-off,  and  the  ratio  of  the 
square  of  the  average  velocity  within  the  drop-off  length  to  the  square 
of  the  velocity  of  approach,  thus  applying  the  principle  that  the  head 
used  up  in  friction  varies  as  the  square  of  the  velocity.  If  the  result 
came  within  a  few  hundredths  of  a  foot  of  the  value  previously  as- 
sumed, it  was  considered  correct. 

The  total  drop  in  the  water  surface  was  taken  from  the  highwater 
elevations  secured  above  and  below  the  contraction.  The  elevation 
above  the  opening  was  taken  at  the  place  where  the  drop-off  curve 
began,  while  the  elevation  below  was  taken  at  the  bottom  of  the 
trough,  where  the  maximum  contraction  existed. 

The  net  area  was  determined  by  the  cross  sections  taken  along 


This  view  was  taken  from  a  plare  on  the  wcwt  bank,  about  a  hundr<\l  foel  below 
the  west  abutment,  sometime  prior  to  the  flood  of  March,  1913. 


Thia  view  w 
opening,  somelio 


This  view  was  taken  after  tin;  flood  of  March,  1913,  lookJDg  downstream  from 
a  plapp  four  or  fi\T  hundred  feet  below  the  canal.  Notice  the  trees  broken  over  by 
the  water  while  flowing  out  of  the  main  channel  on  to  the  overflow  area. 
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the  downstream  edge  of  the  opening,  the  surface  elevation  being  taken 
equal  to  the  average  of  the  lowest  elevations.  If  the  alignment  was 
at  an  angle  with  the  direction  of  flow,  proper  reduction  was  made. 
Contraction  coefficients  were  applied  whenever  the  existence  of  piers, 
shape  of  abutments,  or  conditions  in  general  seemed  to  indicate  the 
advisability  of  such  procedure. 

Typical  Example 

With  a  view  to  making  clearer  the  exact  procedure  followed  in 
determining  quantities  by  this  method,  the  Tadmor  measurements 
will  again  be  cited  as  an  example,  since  studies  at  this  location  were 
m^de  by  the  contracted  opening  method,  as  well  as  by  the  slope-area 
method,  and  since  the  general  conditions  at  this  place  have  already 
been  described. 

The  contraction  in  area  occurs  about  a  mile  and  a  half  below  Tad- 
mor and  is  caused  by  the  Miami  and  Erie  Canal  which  crosses  the 
valley  and  river  at  this  place,  being  carried  across  the  valley  on  a  high 
fill  and  across  the  river  on  a  through-truss  bridge  of  three  spans. 
The  total  distance  between  the  abutments  of  the  bridge  is  about  280 
feet,  while  the  total  width  of  the  valley  just  above  is  about  2000  feet. 
Since  the  water  did  not  overtop  the  fill,  the  entire  discharge  passed 
through  the  280-foot  opening  with  a  very  high  velocity,  accompanied 
by  the  necessary  fall  in  water  surface  to  produce  this  velocity,  the 
situation  thus  being  ideal  for  an  estimate  of  discharge  by  this  method. 
The  profile  in  figure  2  shows  that  the  drop  in  surface  was  about  4  feet. 

The  conditions  at  the  bridge  are  shown  in  figures  11  and  12. 
Figure  11  is  a  view  taken  sometime  before  the  flood,  from  a  place  on 
the  west  bank  of  the  river  about  100  feet  below  the  west  abutment. 
Figure  12  shows  the  conditions  as  they  existed  in  June,  1913,  at  the 
time  the  survey  was  made.  This  photograph  was  taken  from  a  place 
in  the  field,  about  500  feet  northwest  of  the  opening.  It  indicates 
the  damage  that  was  done  to  the  west  abutment  and  also  that  the 
two  piers  and  superstructure  were  entirely  destroyed.  The  east  abut- 
ment was  not  appreciably  injured.  A  portion  of  one  truss  is  seen  to 
be  lying  downstream  from  the  east  abutment.  Another  small  part 
of  the  aqueduct  is  lying  inmiediately  below  the  west  end  of  the  open- 
ing, being  hidden  from  view  in  figure  12  by  the  west  abutment.  Fig- 
ure 13  is  a  view  of  the  west  bank  looking  downstream  from  a  place 
about  400  feet  below  the  bridge.  It  illustrates  the  effect  of  the  high 
velocities  on  the  trees  that  line  the  banks.  That  there  was  a  very 
high  velocity  through  the  opening  is  shown  by  the  fact  that  the  bot- 
tom was  scoured  out  as  much  as  25  feet  in  places,  see  figure  1,  as  well 
as  by  the  large  drop  in  water  surface. 
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The  computations  were  made  in  the  following  manner: 
Velocity  of  approach  =  4.2  feet  per  second,  see  section  G,  table  2. 
Head  at  opening: 

Head  due  to  velocity  of  approach  »  0.3  feet 
Drop  at  opening: 

Average  elevation  at  beginning  of  drop-off  ^  786.4 

Average  elevation  below  drop-off  =  781.6 

Drop-off  =  4.8  feet 
Total  head  «  4.8  +  0.3  =  5.1  feet 

Friction  head: 

Assume  0.8  foot  lost  in  friction.  Then,  actual  velocity  head 
=  4,3  feet  and  corresponding  velocity  =  16.6  feet  per  sec- 
ond.   Average  velocity  in  drop-off  section  =  square  root 

.                                      /l6.6«  +  4.2»      ^/TTTa 
of  average  squares  =  -v/ ■ =  V  146.6 

Length  of  drop-off  section  »  300  feet 
Slope  above  drop-off  =  0.00030 

1  A.(\  A 

Then,  friction  loss  =  300  X  0.00030  X  —r  =  0.75  feet 

4.2" 

Hence  we  consider  assumption  to  be  correct,  and 

Velocity  head  =  4.3  feet. 

Quantity  discharged: 

Area  at  point  of  maximum  contraction  »  7960  square  feet 
Velocity  =  16.6  feet  per  second 
Quantity  =  132,100  second  feet 

Results  by  Contracted  Opening  Method 

Table  4  gives  the  computations  in  full  at  all  of  the  contracted 
openings,  those  at  Tadmor  also  being  included.  It  will  be  noticed 
that,  at  most  places,  the  friction  head,  which  is  the  most  difficult 
and  imcertain  quantity  to  be  determined  in  studies  of  this  type,  is 
only  a  small  percentage  of  the  total  head,  generally  less  than  25  per 
cent.  Consequently  a  considerable  error  in  establishing  this  quan- 
tity would  cause  only  a  relatively  small  error  in  the  final  result. 

Table  5  gives  the  drop  in  the  water  surface  at  various  bridges  in 
the  valley  at  which  measurements  were  made.  It  will  be  noticed  that 
the  amounts  are  less  than  5  feet  in  all  cases  except  the  first,  the  Big 
Four  Railroad  bridge  over  Tawawa  Creek,  just  east  of  Sidney.  There 
the  drop  was  from  8.1  to  8.9  feet,  and  the  backwater  effect  extended 
about  2000  feet  above  the  opening.  Inasmuch  as  the  depth  of  flood- 
ing throughout  the  valley  generally  varied  from  10  to  25  feet  the  ex- 
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treme  damages  caused  by  this  flood  can  hardly  be  attributed  to  the 
obstructing  effect  of  the  bridges. 

Table  5. — Drop  in  Water  Surface  at  Bridges  in  the  Miami  Valley^  Flood  of  March, 

1913 


Stream 

Locfttton 

Bridge 

Drop  In 
Water 
Surface  . 

Ta  wa  wa  Creek 

Turtle  Creek 

East  of  Sidnev 

N.  W.  of  Lockington 

Sidney 

Troy 

In  West  Troy 

Tadmor 

Miamisburg 

Covington 

Covington 

West  Milton 

Springfield 

Springfield 

Springfield 

Donnelsville 

Springfield 

Springfield 

Big  4  R.  R. 

Miami  &  Erie  Canal 

Big  4  R.  R. 

C.  H.  &  T),  R.  R. 

BifT  4  R.  R.  Washout 

Miami  &  Erie  Canal 

Big  4  R.  R. 

Pa.  R.  R. 

Highway 

Highway 

Big  4  R.  R. 

Limestone  Street 

Plum  Street 

National  Pike 

Big  4  R.  R.,  No.  121 

Big  4  R.  R.,  No.  122 

Feet 

8.1-«.9 

4.7 
3.0 

2.0 
3.4 
4.8 
3.1 
1.5 
2.8 
1.6 
2.5 
2.4 
1.9 
1.3 
2.2 
4.0 

Miami  River 

Miami  River 

Low  Swale 

Miami  River 

Miami  River 

Stillwater  River 

Stillwater  River 

Stillwater  River 

Buck  Creek 

Buck  Creek 

Buck  Creek 

Donnels  Creek 

Mad  River 

Mad  River 

RESULTS  OF  MEASUREMENTS 

In  determining  fhe  final  averages  at  the  various  locations  where 
investigations  were  made  by  both  methods,  the  results  obtained  from 
the  contracted  opening  measurements  were  considered  the  more  ac- 
curate and  reliable  in  all  cases.  They  were  either  averaged  with  the 
average  of  the  valley  section  quantities,  or  at  least  given  a  weight 
considerably  greater  than  that  given  to  any  single  one  of  the  slope- 
area  results.  In  the  case  of  the  Tadmor  observations,  which  are 
fairly  typical,  the  quantity  computed  at  the  canal  crossing  was  7100 
second  feet,  or  5.7  per  cent,  greater  than  the  average  of  the  quantities 
computed  from  the  valley  cross  sections.  In  some  of  the  measure- 
ments on  the  main  streams  the  two  methods  checked  within  2  per 
cent,  while  in  some  of  those  on  the  smaller  tributaries,  where  the 
surface  slope  ranged  from  15  to  40  feet  per  mile,  and  where  the  deter- 
mination of  flow  through  channel  sections  was  most  questionable, 
the  discrepancy  was  as  much  as  30  per  cent.  In  the  latter  cases  the 
results  obtained  by  the  slope-area  method  were  generally  larger  than 
those  obtained  at  the  contracted  openings,  indicating  a  tendency  to 
underestimate  the  value  of  the  roughness  factor  n  on  the  small  streams 
having  steep  slopes. 

Table  6  gives  the  final  results  at  the  locations  where  investigations 
of  either  type  were  carried  on,  giving  for  each  location  the  drainage 
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FIG.  14.— MAP  SHOWING  MAXIMUM  RATES  OF  RUNOFF  IN  THE  MIAMI 

VALLEY,  FLOOD  OF  MARCH,  1913. 

Based  on  measurements  made  subseouent  to  the  flood.  In  each  fraction  the 
numerator  is  the  maximnm  rate  of  runon  in  second  feet,  the  denominator  is  the 
tributary  drainage  area  in  square  miles,  and  hence  the  quotient  is  the  wntTifnnm 
rate  of  runoff  in  second  feet  per  square  mile. 
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area  and  also  the  maximum  rate  of  runoff  in  second  feet  per  square 
mile  and  in  inches  per  24  hours.  No  results  have  been  given  for  the 
measurements  made  at  Troy,  since  at  that  place  no  individual  section 
or  contracted  opening  carried  the  entire  discharge.  The  flood  divided 
at  a  place  just  above  Troy,  probably  75  per  cent  of  the  flow  going 
down  the  main  channel,  through  the  eastern  portion  of  the  city,  and 
the  remainder  passing  through  the  western  part  of  the  town.  As  the 
latter  portion  of  the  flood  was  seriously  obstructed  by  the  Big  Four 
Railroad  embankment,  the  crest  was  not  reached  simultaneously  in 
both  places,  thus  making  it  difficult  to  estimate  accurately  the  maxi- 
mum rate  of  runoff. 

Figure  14  is  a  map  of  the  Miami  River  drainage  area  showing  the 
various  locations  at  which  measurements  were  made  as  well  as  the 
results  obtained  at  each.  The  results  at  a  particular  place  are  given 
in  the  form  of  a  fraction  and  its  quotient.  The  numerator  of  the 
fraction  is  the  maximum  rate  of  runoff  in  second  feet,  the  denomin- 
ator is  the  tributary  drainage  area  in  square  miles,  and  hence  the 
quotient  is  the  maximum  rate  of  runoff  in  second  feet  per  square  mile. 
To  enable  the  results  on  the  map  to  be  identified  with  those  in  table 
6,  a  letter  has  been  assigned  to  each  location  as  shown  in  the  table 
and  on  the  map. 

The  values  are  seen  to  be  fairly  consistent  throughout.  The  effect 
of  the  high  rates  of  flow  in  certain  tributary  creeks  is  shown  in  the 
measurements  on  the  main  stream  just  below.  The  comparatively 
low  value  of  83  second  feet  per  square  mile  on  the  Miami  River  just 
below  Piqua  was  increased  to  113  at  Tadmor  by  the  high  rates  of 
runoff  from  the  Spring  Creek,  Lost  Creek,  and  Honey  Creek  drainage 
areas,  together  with  the  corresponding  high  rates  from  the  areas  drain- 
ing directly  into  the  river.  Likewise  the  value  of  115  second  feet  per 
square  mile  on  the  Stillwater  River  at  Sugar  Grove  was  raised  to  141 
at  West  Milton  by  the  high  runoff  from  the  Ludlow  Creek  Valley, 
together  with  that  from  the  additional  drainage  area. 

The  high  rates  of  runoff  from  the  drainage  areas  near  Troy  and 
West  Milton  are  consistent  with  the  distribution  of  rainfall  intens- 
ities, as  will  be  seen  by  referring  to  figure  15,  showing  the  rainfall 
conditions  on  March  25,  and  to  figure  16,  showing  the  accumulated 
rainfall  for  the  period  March  23-25.  On  March  25,  the  day  on  which 
the  precipitation  was  the  greatest,  and  on  which  the  maximum  flood 
conditions  existed,  the  heaviest  rainfall  occurred  on  a  narrow  strip  of 
territory  extending  from  just  below  Richmond,  Indiana,  northeast  to 
Bellefontaine,  passing  directly  over  the  headwaters  of  Twin  Creek, 
the  Ludlow  Creek  Valley,  and  the  territory  between  Piqua  and  Troy. 
This  accounts,  in  general,  for  the  high  rates  of  runoff  in  these  localities. 
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FIG.  16.— ISOHYETAL  MAP  OF  MIAMI  VALLEY,  MARCH  25,  1913. 
Rainfall  measured  at  observing  stations  is  shown  in  inches. 
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FIG.  16.— CUMULATED  ISOHYETAL  MAP  OF  MIAMI  VALLEY,  MARCH 

23-26,  1913. 

Rainfall  measured  at  observing  stations  is  shown  in  inches. 
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The  unusually  high  rate  on  Twin  Creek  was  probably  due  in  part  to 
the  topographic  conditions  in  that  valley,  the  country  being  more 
rolling  and  the  slopes  considerably  steeper  than  in  the  other  drainage 
basins.  The  occurrence  of  extremely  high  rates  of  flow  near  Kqua 
and  Troy  was  indicated  by  the  unusual  damage  to  roads  and  bridges 
on  the  higher  ground  in  that  vicinity  as  well  as  by  the  flood  measure- 
ments. The  comparatively  low  runoff  conditions  on  the  Miami  River 
from  above  Sidney  to  just  below  Kqua  were  probably  due  to  several 
causes,  such  as  the  storage  effect  of  the  Lewistown  Reservoir,  the 
lower  rates  of  rainfall,  the  imusually  flat  topography,  and  the  natural 
storage  conditions  caused  by  the  narrow  valley  near  Port  Jefferson. 

The  rates  of  runoff  in  the  Mad  River  Valley  were  somewhat  lower 
than  those  in  the  Stillwater  Valley,  as  would  be  expected  from  the 
topographic  conditions  as  well  as  from  the  rainfall  distribution.  Fig- 
ure 15  indicates  that  the  latter  factor  alone  would  suffice  to  explain 
the  comparatively  small  runoff  from  the  Buck  Creek  drainage  area. 
The  low  value  obtained  on  Greenville  Creek  in  the  Stillwater  Valley 
was  probably  due  to  the  rather  flat  topography  in  that  particular 
territory. 

The  results  of  the  measurements  on  the  Miami  River  below 
Miamisburg  and  of  those  below  Miamitown,  where  the  drainage  areas 
were  2722  and  3937  square  miles  respectively,  seem  to  be  exception- 
ally large  when  compared  with  the  records  at  hand  of  maximum  rates 
of  flood  flow  from  areas  of  similar  size  and  topographic  conditions. 
The  peculiar  geographic  conditions  above  Dayton  partially  account 
for  this.  The  Stillwater,  Mad,  and  Miami  Rivers  coming  together  at 
one  place,  as  they  do,  would  tend  to  produce  very  high  rates  of  flow 
in  the  Miami  below  Dayton  even  though  their  crests  did  not  arrive 
at  exactly  the  same  time,  while  the  increments  due  to  the  flood  crests 
of  Twin  Creek,  Seven  Mile  Creek,  and  Four  Mile  Creek  produced 
the  unusual  conditions  indicated  at  Miami.  Although  no  measure- 
ments were  made  on  Seven  Mile  and  Four  Mile  Creeks,  the  similarity 
of  the  topographic  and  rainfall  conditions  in  these  vaUe3rs  to  those 
existing  in  the  Twin  Creek  drainage  area  would  indicate  similar  high 
rates  of  runoff.  A  study  has  been  made  of  the  relations  between 
rainfall  and  runoff  in  the  Miami  Valley,  the  results  of  which  will  be 
published  in  a  separate  volume. 

MAXIMUM  RATES  OF  FLOOD  FLOW  OF  FOREIGN  AND 

AMERICAN  RIVERS 

At  the  time  the  investigations  of  the  1913  flood  flow  were  made 
the  results  seemed  unusually  large.     However,  the  extensive  exam- 
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Table  7. — Marimnm  Rates  of  Flood  Flow  of  Forelga  and  American  Biyers 


BtrMm 


Durance 

Garonne 

Loire 

Loire 

Rhine 

Rhine 

Loire 

San 

NeiBse 

Ard^e 

Verdon 

Musi 

Arddche 

Sober 

Towbrapoomy 

Loire 

Kinxig 

Teesin 

Le  Buech 

Bober 

Queis 

Kinxig 

Iller 

Ubaye 

Bldone 

Coulon 

Irrity 

Aaae 

Murg 

Ard^che 

Bober 

Bruna 

Queis 

Queis 

Ard^he 

Wieee 

Leflsach 

Queifl 

Wien 

Pliessnits 

Pleissnits 

Rench 

Lacken 

Borgaglino 

Borsaglino 

Heidewasser. . . 

Eyach 

Langwaaser. . . 

Bober 

Elbe  River 

Landwasser . . . 

Goldbach 

LomnitE 

Furens 

W6lfel 

Borgaglino — 


Locality 


FOREIGN  R 

Mirabeau,  France 

Toulouse,  France 

France ^ 

Montron,  France 

Mastrils,  Switzerland 

Tardisbrttcke.     "      

Andresieux,  FrAnce 

Przemysl,  Austria 

Gennany 

France 

France 

Hyderabad,  India 

France 

Hammerwerk,  Germany . . . 

India 

Peituiset,  France 

At  mouth,  Germany 

Bellinsona,  Switserland 

Mirabeau,  France 

Mauer,  Silesia 

At  mouth,  Germany 

Ortenburg,  Germany 

Kempton,  Austria 

France 

France 

France 

India 

France 

At  mouth,  Germany 

Vans.  France 

Rohrlack,  Germany 

Italy 

Lauban,  Germany 

Germany 

Aubenas,  France 

Lorrach,  Germany 

Gailthal,  Austria 

Marklissa,  Germany 

Near  Vienna,  Austria 

Germany 

Germany 

Oberkirch,  Germany 

Warmbrunn,  Germany .... 

Genoa,  Italy 

Genoa.  Italy 

Heriscndorf,  Germany 

Balingen,  Wurtembeig 

Friedebeig,  Germany 

Buchwald,  Germany 

Spindelmtihle,  Bohemia 

Germany 

Amoldsdoif,  Germany 

Erdmannsdorf,  Germany . . 

St.  Etienne,  France 

WOlfel^KTund,  Germany  . . . 
Above  Genoa,  Italy 


Dralaace 

Tear  of 

AaUMKw 

Ana 

RUBOfl 

Flood 

ItJ* 

Seooodfeet 

Square 

pcraquare 

mllei 

mile 

[VERS 

4150 

67 

1886 

4050 

57 

2200 

113 

i846 

2 

1820 

105 

1650 

66 

1868 

1633 

76 

1675 

92 

X 

1420 

66 
76 

955 

1897 

940 

263 

933 

63 

862 

493 

1908 

831 

382 

1827 

793 

86 

1897 

687 

324 

683 

148 

550 

77 

540 

163 

i868 

522 

86 

1886 

467 

91 

1897 

389 

109 

1897 

386 

100 

• 

367 

74 

*  "fl 

360 

128 

1843 

350 

116 

348 

101 

336 

446 

2 

285 

110 

246 

92 

215 

626 

1890 

3 

205 

160 

1897 

3 

189 

189 

2 

187 

161 

i897 

3 

184 

164 

1888 

2 

178 

694 

1890 

3 

163 

108 

1 

130 

167 

1 

118 

233 

1897 

1 

84 

246 

1 

77 

612 

1882 

1 

58 

823 

1890 

2 

52 

149 

1 

46 

265 

1897 

1 

36 

486 

1892 

3 

36 

421 

1908 

3 

36 

287 

1897 

1 

35 

366 

1895 

3 

24 

262 

1897 

1 

23 

184 

1897 

1 

22.4 

316 

1897 

1 

20 

368 

1887 

2 

20 

269 

1903 

3 

19 

329 

1897 

1 

10 

340 

1 

9.6 

331 

i897 

1 

8.8 

732 

1892 

3 
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Table  7. — ConUnued 


StTMun 


West  Branch 

Susquehanna 
West  Branch 

Susquehanna 
Monongahela  . 

Juniata 

Kiskiminetas. . 

Lehigh 

Yuba 

SchuylkiU 

Schuylkill 

Schuylkill 

Santa  Catarina 
Los  Angeles . . . 
Los  Angeles. . . 

Calaveras 

Los  Anseles. . . 
San  Gabriel . . . 
San  Gabriel . . . 
Devils  Creek. . 
Eaton  Wash  . . 

Mill  Creek 

Sawpit  Canyon 


LocaUty 


Bqiimre 
miles 

AMERICAN  RIVERS 


Dnlnace 


Runofl 


Tear  of 
Flood 


Williamsporty  Pa. 


Williamsport ,  Pa. . 
LockNo.  4,  Pa.... 

Newport,  Pa 

Avonmore,  Pa. . . . 

Bethlehem,  Pa 

Smartsville,  Cal.. . 

Reading,  Pa 

Reading,  Pa 

Reading,  Pa 

Monterey,  Mexico 
Los  Angeles,  Cal. . 
Los  Angeles,  Cal. . 
Jenny  Lind,  Cal... 
Los  Angeles,  Cal. . 
Los  Angeles,  Cal. . 
Los  Angeles,  Cal. . 

Viele,  Iowa 

Los  Angeles,  Cal. . 

Erie,  Pa 

Los  Angeles,  Cal. . 


6670 

6670 
6370 
3380 
1720 
1240 
1220 

900 

900 

900 

644 

634 

634 

396 

336 

229 

229 

143 
12.6 
9.3 
7.4 


Second  feet 

per  square 

mile 


61.7 

61.9 

38.6 

63.8 

63.8 

69.8 

91 

88.9 

79.1 

78.4 

690 
71.2 
68.2 

176 
73.2 

206 

117 
1300 

367 

800 

660 


1889 

1894 
1888 
1889 
1907 
1902 
1909 
1860 
1869 
1902 
1909 
1889 
1914 
1911 
1914 
1889 
1914 
1906 
1914 
1916 
1889 


AutlUNV 

lty« 


4 
4 

4 
4 
4 
3 
4 
4 
4 
3 
6 
6 
3 
6 
6 
6 
3 
6 
6 
6 


*  1. — ^Morgan  Engineering  Company's  Investigations. 
2. — ^Kuichling,  New  York  Barge  Canal  Report,  1901. 
3. — ^Kuichling's  discussion  of  Fuller's  paper  on  Flood  Flows,  Trans.  A.  S.  C.  E., 

1914. 
4, — ^Water  Resources  Inventory  Report,  Part  VIII,  Floods,  Water  Supply 

Comm.  of  Pa.,  1917. 
6. — ^Reports  of  the  Board  of  Engineers,  Flood  Control,  Los  Angeles  Co.,  1916. 
6. — ^Engineering  Record,  August  14, 1916. 

ination  of  European  literature  carried  on  in  connection  with  the  devel- 
opment of  plans  for  flood  control  in  the  Miami  Valley  shows  that  such 
rates  of  runoff  aa  occurred  here  in  the  flood  of  March,  1913,  although 
not  frequent,  have  occurred  in  certain  parts  of  Europe  and  in  other 
countries.  In  parts  of  France  and  Germany,  where  the  topography, 
permeability  of  surface,  annual  rainfall,  and  character  of  storms  are 
comparable  to  those  of  southwestern  Ohio,  flood  rates  practically  aa 
great  as  ours  have  occurred;  while  in  mountainous  regions  having 
steep  slopes  and  impermeable  surfaces,  even  greater  rates  have  been 
known.  Table  7  gives  a  few  of  the  maximum  runoff  rates  obtained 
from  investigations  of  European  conditions  made  for  this  work;  a  few 
published  by  Kuichling  in  the  1901  report  of  the  Barge  Canal,  State 
of  New  York;  some  given  by  Kuichling  in  his  discussion  of  Fuller's 
paper  on  Flood  Flows,  Transactions  of  the  American  Society  of  Civil 
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Engineers,  1914;  and  a  few  taken  from  various  sources.  Professor 
D.  W.  Mead,  in  his  studies  of  rainfall  and  floods  in  China,  has  found 
that  rainfalls,  and  consequent  runoff,  in  parts  of  China  are  much  more 
severe  than  the  greatest  recorded  in  the  Miami  Valley. 


MEASUREMENTS  OF  THE  FLOOD  IN  SILESIA,  6ERMANT, 

IN  JULY,  1897 

In  the  course  of  European  investigations  it  was  found  that  follow- 
ing the  flood  of  July,  1897,  in  Silesia,  southeastern  Germany,  careful 
measurements  of  the  maximum  rates  of  flood  discharge,  which  were 
later  taken  as  a  basis  for  extensive  improvements,  were  made  on  the 
Queis,  Bober,  and  Neisse  Rivers,  in  practically  the  same  manner  as 
those  described  in  this  chapter.  The  observations  in  Silesia  were  not 
so  numerous  aa  those  just  discussed,  and  the  formulas  by  which  the 
results  were  computed  were  not  found  to  be  applicable  to  conditions 
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FIG.  17.— CROSS  SECTION  OF  THE  BOBER  RIVER  VALLEY. 
This  section  was  used  in  calculating  the  discharge  of  the  flood  of  July,  1897. 

in  the  Miami  Valley.  However,  on  account  of  the  similarity  of  the 
investigations  to  ours  it  seems  advisable  to  include,  herewith,  a  brief 
description  of  the  work.  The  original  article  appeared  in  Central- 
blatt  der  Bauverwaltung  in  1898,  under  the  title  Discharge  of  Streams 
in  Silesia,  Germany,  in  the  Great  Flood  of  July,  1897. 

The  measurements  on  the  Bober  River,  which  are  typical,  were 
made  at  a  railroad  bridge  and  at  a  cross  section  of  the  valley,  selected 
at  a  place  about  5,360  feet  above  the  bridge,  to  which  the  backwater 
did  not  extend.  The  discharge  at  the  valley  cross  section  was  com- 
puted with  the  aid  of  the  velocity  formula, 

y  =  (36.27  +  7.254  V^)  VflS, 
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called  Harderische  Geschwindigkeitsformel  or  Harder's  velocity  for- 
mula, in  which  the  symbols  have  the  usual  significance  except  that 
they  represent  metric  units.  This  formula,  which  we  do  not  consider 
entirely  satisfactory,  is  discussed  in  chapters  IX  and  X.  The  flood 
channel  was  divided  into  5  parts,  as  shown  in  figure  17.  The  elevation 
of  135.77  at  Station  267  does  not  agree  with  the  sketch  if  the  eleva- 
tions of  138.3  at  Station  600  and  138.1  near  Station  720  are  correct. 
The  results  of  the  computations  are  given  in  table  8. 

The  discharge  as  determined  from  the  backwater  effect  at  the 
railroad  bridge  waa  computed  by  the  formula. 


in  which 

ii  is  a  coefficient,  taken  in  this  case  as  0.95 

b  is  width  in  the  clear  of  bridge  opening 

g  is  acceleration  due  to  gravity  =  9.81  meters  per  second 

X  is  height  of  backing  up  due  to  bridge 

e  is  depth  if  no  backing  up  took  place 

c  is  velocity  in  cross  section  without  backwater.     (Obtained  by 

dividing  above  estimated  discharge,  1811  cubic  meters  per 

second,  by  area  of  cross  section  above  bridge,  1730  square 

1811       ,  ^^       , 
meters:  7—-  =  1.05  meters  per  second) 
'  1730 

This  equation,  which  is  based  on  erroneous  theory,  is  discussed  in 
chapter  XI. 

Table  8. — Maiiiniini  Rate  of  Discharge  of  the  Bober  Biyer,  in  Silesiai  Flood  of  July, 

1897,  computed  by  the  Harder  Formula 


Section 

Aim  A 

HydTRulle  Radius 

Velocity  r 

Surfaee  Slope  8 

DisebargeQ 

Meten  per 

Cubic  meters  per 

Square  meten 

Meters 

■eeond 

seooiid 

1 

287 

1.206 

1.505 

0.00096 

431.935 

2 

292 

1.123 

1.451 

t( 

423.692 

3 

190 

0.964 

1.302 

It 

247.380 

4 

83 

1.804 

1.933 

« 

160.439 

5 

378 

1.112 

1.449 

it 

647.722 

Total  discha] 

re e 

1811.168 

*&*' • 

The  railroad  crosses  the  Bober  Valley  at  right  angles,  on  an  em- 
bankment in  which  there  are  but  2  openings.  Each  opening  consists 
of  a  S-span  bridge.  One  bridge  is  located  over  the  main  channel, 
while  the  other  is  located  over  the  secondary,  or  flood  channel,  about 
1300  feet  to  the  left  of  the  main  stream.  The  substructure  of  each 
bridge  consists  of  masonry  piers  and  abutments. 
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In  the  secondary,  or  flood  channel,  the  total  width  of  flow  space 
was  95.76  meters.  The  elevation  of  the  bottom  of  the  channel  was 
137.40  meters  and  the  elevation  of  the  water  surface  at  the  upstream 
side  of  the  bridge  was  139.90  meters.  The  drop-off  at  the  opening 
was  0.81  meters  while  the  natural  fall  of  the  stream  in  the  length  in 


/470 


FIG.    18.— (CONDITIONS   AT   THE   C30NTRACTED   OPENING   ON   THE 

BOBER  MVER. 

This  opening  was  used  in  calculating  the  discharge  of  the  flood  of  Julyi  1897. 

which  the  drop-off  occurred  was  0.05  meter.    Thus  the  backing  up 
effect  was  0.76  meter,  and  the  quantity  e,  that  is,  the  depth  if  no 
backing  up  took  place,  was  139.90  —  137.40  —  0.76,  or  1.74  meters. 
Figure  18  shows  the  conditions  as  they  occurred  at  this  opening. 
Substituting  the  above  values  in  the  formula  we  have, 


0  =  0.95  X  95.76  V2  X  9.81  (  -  X  .76  +  1.74  W  0.76  + 


0.9* 


2  X  9.81 


=  818.05  cubic  meters  per  second.* 

Erosion  which  took  place  in  the  channel,  increased  the  area  of  the 
cross  section  by  110  square  meters.  The  average  velocity  in  the  cross 
section  was 

818.05  o  .       X 

: r  =  3.4  meters  per  second. 

95.76  (139.9  -  137.4)  ^ 

Taking  the  velocity  in  the  eroded  cross  section  equal  to  3  meters  per 

*  For  some  reason  0.9  was  used  instead  of  1.05  meters  per  second,  as  given  above 
for  the  value  of  c  to  be  substituted  in  the  formula.  There  is  no  explanation  of  this 
in  the  article. 
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second,  an  additional  discharge  of  330  cubic  meters  per  second  was 
obtained. 

In  reckoning  the  flow  through  the  bridge  opening  over  the  regular 
stream  channel,  the  varying  depths  necessitated  estimating  in  3  parts, 
one  for  each  opening.  The  same  formula  was  used  and  the  results 
were  aa  follows: 


Opcniiig 

9 

0 

h 

e 

g 

1 

0.76 
0.76 
0.76 

0.64 
1.74 
2.14 

31.92 
31.92 
31.92 

0.9 
0.9 
0.9 

139.19 
272.68 
321.24 

2 

3 

The  total  discharge  as  determined  by  the  backing  up  effect  at  the 
railroad  was  therefore  818.05  +  330  +  139.19  +  272.68  +  321.24,  or 
1881.16  cubic  meters  per  second.  The  correct  discharge  was  assumed 
to  be  the  average  of  the  results  obtained  by  the  two  methods,  or  1846 
cubic  meters  per  second.  The  results  obtained  on  the  three  streams, 
in  English  units,  were  as  follows:  ^ 


Stream 

DnUoace  Ana 
In  Square  Miles 

Maximum  I>iaeliarg» 
In  Second  Feet 

Maximum  DlaebarBe 

In  Second  Feet  per 

SquarvMUe 

Queis 

388 
795 
955 

41,000 
65,200 
71,000 

105.6 

82 
74.6 

Bober 

NftiiRse 

CHAPTER  IV.— ROUGHNESS  FACTOR  EXPERI- 
MENTS 

This  chapter  is  devoted  to  a  detailed  discussion  of  the  hydraulic 
experiments  which  were  made  in  connection  with  the  Miami  Valley 
flood  prevention  investigations,  for  the  purpose  of  determining  fric- 
tion factors  in  open  channels.  In  order  that  the  reader  may  judge  of 
the  accuracy  of  the  measurements  the  field  investigations  and  the 
methods  of  computation  are  described  at  considerable  length.  For 
convenience  of  reference  the  results  are  given  in  tabular  form.  Com- 
plete descriptions  of  the  various  channels  together  with  a  general  dis- 
cussion of  results  are  also  included,  however,  so  that  the  reader  may 
make  accurate  comparisons  between  the  channels  in  which  the  meas- 
urements were  made  and  those  in  which  he  is  interested. 

In  the  various  accounts  of  similar  experiments  that  have  been 
published  during  recent  years  the  investigators  have  almost  invari- 
ably given  their  results  in  terms  of  the  Chezy  coefficient  C  and  the 
Kutter  roughness  factor  n,  and  have  discussed  their  work  from  the 
standpoint  of  these  equations.  Some  American  engineers  prefer  to 
use  the  Bazin  formula.  In  recognition  of  this  fact  and  because  the 
Bazin  equation  has  merits  of  high  order  for  certain  types  of  channels 
the  roughness  factor  m  in  that  equation  has  been  computed  for  each 
gaging  and  is  given  in  the  tables  of  results,  together  with  the  coef- 
ficient C  and  the  factor  n. 

At  the  end  of  the  chapter  will  be  found  a  bibliography  containing 
references  to  the  most  valuable  accounts  of  similar  experiments  that 
have  appeared  in  engineering  literature  during  the  past  few  years. 

THE  FIELD  INVESTIGATIONS 

In  order  to  study  the  effect  of  friction  on  the  flow  of  water  in  a 
given  channel  it  is  necessary  to  secure  complete  information  regarding 
the  cross  section  of  the  stream,  the  amount  of  water  flowing,  and  the 
slope  of  the  water  surface.  The  average  cross  section  in  the  length  of 
channel  in  which  the  slope  is  measured  should  be  carefully  determined 
and  its  variation  from  place  to  place  should  be  noted.  This  is  best 
accomplished  by  measuring  cross  sections  at  frequent  intervals.  The 
discharge  may  be  measured  at  any  convenient  place  within  the  stretch 
being  investigated,  or  without,  provided  the  amount  of  water  flowing 
past  the  gaging  section  is  the  same  as  that  flowing  through  the  section 
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under  consideration.  The  surface  slopes  are  best  obtained  by  meas- 
uring the  elevation  of  the  water  surface  at  a  number  of  places  on  both 
sides  of  the  stream. 

In  choosing  the  locations  where  measurements  were  to  be  seciu^ 
an  attempt  was  made  to  select  stretches  of  channel  in  which  the  com- 
plicating conditions  were  a  minimum.  That  is,  a  certain  stretch  of 
channel  was  not  chosen  if  it  contained  a  dam,  an  island,  a  juncti6n 
with  a  tributary  stream;  or  if  it  were  located  immediately  above  or 
below  any  such  unusual  feature  that  might  lead  to  unreliable  results. 
The  length  chosen  at  a  particular  place  depended  principally  upon  the 
amount  of  the  surface  slope.  In  all  cases  an  attempt  was  made  to 
choose  a  stretch  of  channel  long  enough  that  the  total  fall  in  the  water 
surface  could  be  accurately  determined  by  ordinary  surveying  meth- 
ods. 

Even  though  the  locations  may  be  selected  with  great  care  there 
are  a  great  many  conditions  connected  with  the  field  measurements 
that  may  tend  to  vitiate  the  results.  When  the  stage  is  rising  or  fall- 
ing, it  may  be  somewhat  difficult  to  determine  accurately  the  slope 
of  the  surface  corresponding  to  the  measured  discharge.  If  the  ob- 
servations are  taken  durng  flood  conditions,  when  the  velocity  is 
comparatively  high,  or  when  there  is  a  strong  wind  blowing,  the  oscil- 
lations of  the  water  surface  may  cause  difficulties  in  determining  its 
true  elevation.  Again,  if  the  velocities  are  unusually  high,  it  may  be 
difficult  to  secure  an  accurate  gaging  of  the  discharge.  If  the  cross 
section  of  the  stream  is  unusually  irregular  and  the  depth  of  flow  com- 
paratively small  the  elevations  taken  on  the  water  surface  at  the  edges 
of  the  stream  may  not  represent  the  true  surface  of  the  moving  mass 
of  water.  In  such  cases  a  larger  number  of  observations  than  usual 
should  be  secured.  They  should  also  be  taken  at  selected  points, 
where  their  value  will  not  be  impaired  by  local  influences  such  as 
debris,  riffles,  and  the  like.  If  the  area  of  the  cross  section  changes 
materially  it  may  be  difficult  to  make  proper  allowances  for  the  cor- 
responding variations  in  velocity  head.  In  order,  therefore,  to  secure 
reliable  results  from  a  roughness  factor  experiment  it  is  necessary  to 
consider  the  possible  presence  of  any  or  all  of  the  complicating  con- 
ditions which  may  surround  such  work,  and  to  exercise  great  caution 
and  care  in  the  field  operations. 

The  methods  used  in  obtaining  the  data  given  in  this  chapter  were 
essentially  similar  at  the  various  locations.  Special  methods  that 
were  used  at  any  one  place  will  be  taken  up  in  connection  with  the 
discussion  of  that  particular  measurement  or  series  of  measurements. 
In  general,  the  field  work  may  be  briefly  described  as  follows: 


74  MIAMI  CONSERVANCY  DISTRICT 

Cross  Section 

When  the  conditions  were  such  that  neither  silting  nor  scouring 
was  taking  place,  the  cross  sections  were  measured  at  the  most  con- 
venient time,  either  before  or  after  the  measurements  of  discharge 
and  slope ;  or,  in  cases  where  accurate  topographic  maps  of  the  stream 
bed  had  been  prepared,  they  were  taken  directly  from  such  maps. 
When  the  stream  bed  was  in  an  unstable  condition  they  were  secured 
at  the  time  the  observations  of  surface  elevation  and  velocity  were 
taken. 

The  number  of  cross  sections  that  were  taken  at  a  particular  loca- 
tion depended  somewhat  on  the  nature  of  the  stream,  the  regularity 
of  the  channel,  and  the  length  of  the  stretch  being  investigated. 
When  the  characteristics  of  the  stream  were  such  that  it  was  difficult 
to  determine  distances  and  soundings  accurately  more  measurements 
were  made  than  when  the  hydrographic  conditions  were  adapted  to 
precise  work.  When  the  channel  was  comparatively  irregular  more 
sections  were  taken  than  when  it  was  uniform.  As  a  general  rule  the 
number  of  cross  sections  that  were  measured  was  greater  as  the  length 
of  channel  being  studied  was  greater.  The  cross  sections  were  spaced 
fairly  regularly  although  an  attempt  was  made  to  locate  each  one  so 
that  it  would  represent  a  true  average  of  the  conditions  extending 
half  way  to  the  adjacent  sections. 

The  exact  method  of  procedure  varied  somewhat  with  the  size  of 
the  stream.  For  the  small  canals  or  ditches,  the  distances  along  the 
section  were  usually  measured  with  a  tape  and  the  depths  of  the  water 
with  an  ordinary  leveling  rod.  On  the  larger  channels  the  horizontal 
distances  were  generally  taken  by  stadia  methods  and  the  soundings 
in  the  same  manner  as  in  the  case  of  the  smaller  streams.  When  the 
streams  were  shallow,  the  soundings  were  taken  by  wading;  when  the 
water  was  too  deep  to  wade,  measurements  were  made  from  a  row 
boat.  When  the  velocity  was  high  or  the  water  surface  fluctuating 
greatly,  the  rod  was  held  on  the  bottom  of  the  channel  and  a  level 
reading  taken  from  an  instrument  on  the  bank.  The  depths  of  water 
were  then  obtained  by  subtracting  the  elevations  of  the  bottom  of  the 
stream  from  the*  elevation  of  the  water  surface  which  was  secured  by 
special  rod  readings  on  the  water  surface  at  the  edges  of  the  channel 
and  at  places  within  the  cross  section.  The  elevation  of  the  water 
surface  near  the  center  of  the  stream  was  found  to  be  the  same 
as  that  at  the  edges  except  when  the  measurements  were  made  at 
bends.  In  such  cases  the  surface  at  the  outer  edge  of  the  bend  was 
found  to  be  higher  than  the  surface  at  the  inner  edge  as  would  be 
expected. 
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As  a  general  rule  horizontal  distances  were  determined  to  the  near- 
est foot,  and  soundings  to  the  nearest  tenth  of  a  foot.  The  number 
of  soundings  taken  in  a  single  cross  section  varied  somewhat  with 
the  size  of  the  stream  and  the  nature  of  the  bottom  but  in  no  case 
was  the  number  less  than  ten. 

Surface  Slope 

The  surface  slopes  were  obtained  by  measuring  the  elevation  of 
the  water  surface  at  numerous  places  on  both  sides  of  the  stream. 
As  a  rule,  these  observations  were  taken  at  the  time  the  velocity 
measurements  were  being  secured.  If  this  was  not  convenient,  how- 
ever, the  surface  elevations  were  taken  either  inmiediately  before  or 
immediately  after  the  velocity  measurements.  In  either  case,  several 
readings  were  taken  at  different  times  at  two  or  more  places  so  as  to 
determine  the  rates  of  rising  or  falling  of  the  water. 

If  convenient  the  elevations  of  the  water  surface  were  measured 
directly  by  an  engineer's  level  and  rod,  holding  the  rod  on  the  sur- 
face of  the  water  at  the  edge  of  the  stream.  When  a  leveUng  party 
was  not  available  stakes  were  driven  flush  with  the  water  surface  and 
their  elevations  determined  by  leveling  a  day  or  so  later.  The  time 
at  which  the  rod  was  read  or  stake  driven  was  recorded  to  the  nearest 
minute  in  all  cases.  All  elevations  were  determined  to  the  nearest 
hundredth  of  a  foot  except  where  the  slope  was  imusually  flat.  In 
such  cases  special  efforts  were  made  to  obtain  a  greater  degree  of  pre- 
cision. All  level  lines  or  circuits  were  checked,  and  when  the  error 
of  closure  was  great  enough  to  affect  the  results,  the  lines  were  rerun. 

Discharge 

All  discharge  measurements  were  made  by  means  of  small  Price 
current  meters,  suspended  by  cables  and  equipped  with  interchange- 
able single  or  penta  revolution  commutator  boxes.  Observations 
were  taken  by  the  two  point  method  whenever  possible.  When  the 
depths  were  less  than  two  feet  the  six  tenths  depth  method  was  used. 
When  the  velocities  were  unusually  high  and  a  stay  line  was  not 
available,  observations  were  taken  by  the  surface  method,  holding 
the  meter  about  a  foot  below  the  surface. 

Each  gaging  consisted  of  observations  of  velocity  and  depth  in 
ten  or  more  vertical  sections.  When  the  discharge  was  distributed 
uniformly  throughout  the  cross  section  the  vertical  sections  were 
spaced  uniformly;  otherwise  the  greater  number  of  the  vertical  sec- 
tions were  located  where  the  discharge  was  the  greater.  Velocity 
observations  were  taken  by  means  of  a  stop  watch  and  generally 
covered  a  period  of  from  50  to  70  seconds.    In  this  work  it  was  found 
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preferable  to  record  the  actual  time,  to  the  nearest  fifth  of  a  secondi 
for  a  whole  number  of  revolutions,  rather  than  the  number  of  revo- 
lutions occurring  in  a  given  time. 

Depths  of  water  were  determined  to  the  nearest  tenth  of  a  foot. 
In  a  few  cases,  when  the  discharge  measurements  were  made  by  the 
surface  method  and  when  it  was  unusually  difficult  to  secure  accurate 
measurements,  the  depths  of  the  water  were  obtained  by  taking  sound- 
ings on  the  following  day  and  correcting  them  for  the  change  in  stage. 
This  was  done  only  when  the  stability  of  the  stream  bed  had  been 
established  by  previous  discharge  measurements. 

The  meters  were  rated  at  frequent  intervals  under  conditions  as 
nearly  similar  to  those  in  which  they  were  used  as  it  was  possible  to 
obtain.  At  first  two  ratings  were  made  for  each  meter,  one  using  the 
single  revolution  commutator  and  the  other  using  the  penta  revolu- 
tion commutator.  However,  when  it  was  found  that  the  two  ratings 
were  practically  identical,  ratings  were  made  only  with  the  penta 
commutator. 

In  a  few  cases  where  the  experiments  were  made  near  a  regular 
gaging  station,  the  discharge  was  obtained  from  the  station  rating 
curve  rather  than  by  a  direct  meter  measurement  of  velocities.  The 
discharge  was  obtained  in  this  way  only  when  the  station  rating  curve 
had  been  unusually  well  developed  beyond  the  range  of  stage  covered 
by  the  experiments  and  when  the  control  was  permanent. 

COMPUTATION  METHODS 

In  order  to  compute  the  value  of  the  coefficient  C  in  the  Chezy 
formula 

it  is,  of  course,  necessary  to  determine  the  values  of  the  quantities 
y,  R,  and  S.  The  value  of  the  friction  slope  S  is  generally  deter- 
mined directly  from  the  field  measurements  of  surface  elevation. 
The  value  of  the  velocity  V  is  obtained  by  dividing  the  discharge  of 
the  given  channel  by  the  area  of  the  cross  section;  and  the  value  of 
the  hydraulic  radius  R  is  obtained  by  dividing  the  area  of  the  cross 
section  by  the  wetted  perimeter.  Having  calculated  the  hydraulic 
radius  R  and  the  coefficient  C,  Bazin's  roughness  factor  m  may  be 
computed  by  substituting  these  quantities  in  the  Bazin  equation 

87 
C=  — 


0.552  +  ^ 
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In  a  like  manner  the  value  of  Kutter's  roughness  factor  n  may  be 

calculated  by  substituting  the  values  of  the  quantities  C,  B,  and  S 

in  the  Kutter  equation 

,,  „  .  1.811     0.00281 
41.6+-—+——- 


,    ,    /„  «  .  0.00281  \    n 

In  a  few  of  the  accounts  of  similar  investigations  that  have  been 
published  recently  the  values  of  the  roughness  coefficients  were  com- 
puted for  each  cross  section  instead  of  for  the  average  cross  section. 
Results  determined  in  this  manner  are  undoubtedly  somewhat  open 
to  question,  especially  in  the  case  of  natural  channels.  Aside  from 
the  errors  of  measurement^  which  may  be  large  in  the  case  of  single 
observations,  there  is  the  uncertainty  regarding  the  applicability  of 
the  measured  slope  to  the  particular  section  used;  or,  stating  the 
matter  from  a  slightly  different  standpoint,  there  is  the  uncertainty 
as  to  whether  the  cross  section  observed  represents  the  true  average 
cross  section  in  the  length  in  which  the  slope  was  measured.  In 
order  to  determine  the  slope  accurately  it  is  necessary  to  choose  for 
the  investigations  a  stretch  of  channel  long  enough  that  the  total  fall 
of  the  water  surface  can  be  accurately  measured.  The  value  of  S, 
computed  by  dividing  this  length  into  the  total  fall  is  the  slope  cor- 
responding to  the  average  cross  section  within  this  length;  and,  even 
in  the  case  of  channels  that  are  apparently  regular,  may  be  quite  dif- 
ferent from  the  friction  slope  corresponding  to  a  single  isolated  cross 
section. 

In  calculating  the  results  given  in  this  chapter,  the  general  prac- 
tice was  to  consider  the  total  length  of  channel  in  which  the  slope  was 
determined,  as  a  unit;  and  to  compute  the  roughness  factors  corre- 
sponding to  the  average  conditions  within  this  stretch.  However,  in 
a  few  cases,  where  there  was  a  definite  change  in  conditions  in  the 
length  i^  which  the  investigations  were  made,  this  length  was  divided 
into  parts  and  coefficients  were  computed  for  each  part  separately. 
But  in  no  case  were  results  calculated  from  a  single  measurement  of 
cross  section. 

For  the  locations  where  fringes  of  trees  existed  along  the  banks  of 
the  streams,  calculations  were  made  by  two  methods,  the  first  being 
based  upon  the  total  area  of  the  cross  section  and  the  second,  on  the 
net  area  of  the  flow  space  existing  between  the  inner  edges  of  the 
trees. 

Computations  were  made  by  means  of  a  twenty  inch  slide  rule  in 
cases  where  such  methods  were  practicable.    The  value  of  Kutter's 
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roughness  factor  n  was  obtained  by  interpolation  in  the  tables  in 
Frye's  Civil  Engineers'  Pocketbook  whenever  such  interpolations  did 
not  lead  to  appreciable  error.  In  cases  where  surface  slopes  were 
unusually  flat,  roughness  factors  were  either  calculated  directly  from 
the  Kutter  equation  or  taken  from  the  diagram  in  Hering  and  Traut- 
wine's  translation  of  the  Kutter  book.  Values  of  Bazin's  m  were 
obtained  by  interpolation  in  the  table  given  in  chapter  VI  or  from 
direct  computation  by  the  Bazin  formula. 

Slope 

The  slope  of  the  water  surface  for  a  given  experiment  was  deter- 
mined by  plotting  the  various  elevations  of  the  water  surface,  that 
were  measured  in  the  field,  on  a  profile;  and  then,  if  there  was  no 
definite  break  in  the  grade,  drawing  a  straight  line  through  these 
points.  In  this  way  errors  of  observation  were  averaged.  The  dis- 
tances on  the  profile  were  taken  along  the  center  line  of  the  stream. 
The  methods  that  were  used  in  calculating  the  slope  in  these  investi- 
gations were  practically  the  same  as  those  that  were  used  in  com- 
puting the  1913  flood  discharges,  the  only  difference  being  that  the 
elevations  of  the  water  surface  used  in  the  roughness  factor  experi- 
ments were  obtained  by  direct  measurements  on  the  surface  while 
those  used  in  the  1913  flood  investigations  were  secured  by  meas- 
urements of  highwater  marks  from  2  to  8  months  subsequent  to 
the  flood.  Consequently  the  discrepancies  between  the  individual 
observations  were  generally  smaller  in  the  roughness  factor  experi- 
ments. 

When  the  mean  velocity  was  constant  throughout  the  length  of 
channel  in  which  the  slope  was  determined  and  when  there  were  no 
complicating  conditions  immediately  above  or  below,  the  surface  slope 
determined  in  this  manner  represented  the  true  friction  slope  or  the 
value  of  £>  to  be  used  in  computing  roughness  factors.  When  there 
was  any  gradual  change  in  the  mean  velocity  as  the  water  moved 
downstream,  corrections  were  made  before  calculating  the  results. 
When  the  velocity  was  increasing  the  increase  in  velocity  head  in 
the  given  length  was  substracted  from  the  total  fall  of  the  water  sur- 
face before  calculating  the  value  of  S.  When  the  velocity  was. de- 
creasing the  decrease  in  velocity  head  was  added  to  the  total  fall. 

This  correction,  although  based  on  sound  theory  and  made  in  a 
theoretically  proper  manner,  was  seldom  satisfactory,  especially  in  the 
case  of  natural  channels  where  it  was  most  often  necessary.  In  such 
instances  it  was  generally  difficult  to  determine  the  exact  change  in 
velocity  head,  owing  to  the  irregularities  in  size  of  cross  section  and 
the  diflSiculties  in  determining  whether  or  not  the  velocity  actually 
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changed.  Sometimes  the  velocity  required  by  the  smaller  cross  sec- 
tions continued  through  the  larger  ones,  parts  of  the  latter  sections 
being  taken  up  by  dead  water  or  eddies. 

When  the  stage  was  rising  or  falling  during  the  period  in  which 
the  measurements  were  made,  all  elevations  were  adjusted  according 
to  the  rate  of  change  of  stage,  so  as  to  apply  to  the  same  instant. 
The  time  assumed  for  this  purpose  was  generally  taken  as  the  mean 
of  the  period  in  which  the  discharge  observations  were  secured,  so 
that  the  quantity  computed  from  the  velocity  measurements  could  be 
used  without  correction.  The  rate  of  change  of  stage  was  always 
obtained  from  two  or  more  hydrographs  which  were  plotted  from  the 
field  observations  taken  for  that  purpose. 

Cross  Section 

The  cross  section  measurements  were  platted  on  coordinate  paper, 
so  that  their  characteristics  could  be  easily  studied  and  so  that  the 
areas  of  flow  space  could  be  measured  with  a  planimeter.  Wetted 
perimeters  were  obtained  by  adding  a  few  feet  to  the  horizontal  dis- 
tances, to  allow  for  the  irregularities  in  the  stream  beds.  Whenever 
deductions  in  area  were  made  at  the  edges  of  a  channel  on  account 
of  the  presence  of  trees,  the  vertical  distances  along  the  edges  of  the 
trees,  from  the  bed  of  the  stream  to  the  surface  of  the  water,  were 
included  in  the  wetted  perimeter.  In  such  cases  the  width  of  the 
channel  was  assumed  to  be  the  net  distance  between  the  edges  of  the 
trees. 

In  working  up  the  data  for  a  given  experiment,  the  area  of  the 
flow  space,  the  wetted  perimeter,  and  the  hydraulic  radius  were  cal- 
culated for  each  cross  section  that  had  been  taken  in  the  length  of 
channel  for  which  the  slope  was  computed.  The  average  area  and 
average  wetted  perimeter  were  then  obtained  by  computing  the  arith- 
metical means  of  the  corresponding  quantities  at  the  individual  sec- 
tions. The  average  hydraulic  radius  was  generally  found  by  dividing 
the  mean  wetted  perimeter  into  the  mean  area,  rather  than  by  aver- 
aging the  radii  at  the  various  sections,  although  it  was  found  that  the 
latter  method  would  give  practically  the  same  result.  The  radius 
was  calculated  at  each  section  in  order  to  study  its  variation. 

Discharge 

The  discharge  was  computed  from  the  current  meter  notes  in  the 
following  manner:  The  cross  section  was  assumed  to  be  made  up  of 
a  number  of  parts,  or  partial  areas,  as  they  may  be  termed.  The 
boundaries  of  these  parts  were  considered  to  be  vertical  lines  lying 
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midway  between  the  vertical  sections  at  which  velocities  and  depths 
were  measured.  The  average  velocity  and  depth  for  a  given  partial 
area  were  assumed  to  be  those  measured  at  the  vertical  section  within 
that  area. 

When  the  field  observations  had  been  taken  by  the  surface  method 
a  coefficient  of  0.9  was  applied  to  the  observed  velocities  in  order  to 
reduce  them  to  mean  velocities.  This  coefficient  was  determined  in- 
dependently, by  several  vertical  velocity  curves,  at  each  location 
where  it  was  used.  The  vertical  velocity  curves  were  taken  at  times 
when  the  conditions  of  flow  were  similar  to  those  that  existed  when 
the  experiments  were  made,  stay  lines  being  used  whenever  they 
were  necessary. 

RESULTS 

The  results  of  the  various  experiments  together  with  the  elements 
involved  in  their  derivation  are  given  in  table  9.  The  experiments 
are  arranged  according  to  location  and  stage.  All  of  those  taken  at 
a  given  location  are  kept  together  and  are  placed  in  order  of  increas- 
ing gage  heights.  A  reference  number  is  assigned  to  each  so  that  it 
can  be  identified  in  the  subsequent  discussions.  A  few  notes  are 
included  regarding  the  methods  used  in  determining  the  discharge 
and  those  used  in  measuring  the  depths  of  the  water  in  the  cross 
sections.  In  the  column  headed  DetermincUian  of  Discharge,  RC  is 
used  to  denote  rating  curve  and  M  to  denote  current  meter;  in  the 
column  headed  Determination  of  Depth,  SR  is  used  to  denote  sounding 
rod,  SL  to  denote  sounding  line,  CM  to  denote  contour  map,  and 
LR  to  denote  level  readings. 

The  results  obtained  at  Tadmor  are  seen  to  check  the  1913  flood 
estimates.  Values  of  the  Kutter  roughness  factor  n  of  about  0.033 
were  obtained  for  the  section  where  0.035  was  used  in  calculating  the 
1913  flood  discharge.  The  Tadmor  experiments  also  show  that  in 
computing  the  discharge  of  natural  river  channels  of  the  ordinary  type 
it  is  not  necessary  to  deduct  the  areas  occupied  by  trees.  The  rough- 
ness factors  determined  at  this  location  on  the  basis  of  the  het  section 
between  the  edges  of  the  timber  are  practically  the  same  as  those 
determined  on  the  basis  of  the  total  cross  section.  However,  both 
values  are  probably  higher  than  they  would  have  been  if  no  trees  had 
been  present.  The  trees  undoubtedly  produce  eddies  and  cross  cur- 
rents that  disturb  the  flow  far  out  into  the  channel.  This  effect  is 
indicated  by  experiment  1  which  was  made  during  a  low  stage  when 
the  water  did  not  extend  into  the  timber.  In  this  case  the  rough- 
ness factor  is  considerably  lower  than  those  determined  by  the  other 
experiments. 
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With  the  exception  of  experiment  12  the  roughness  factors  deter- 
mined for  the  Miami  River  at  Da3rton  are  consistent  and  are  in 
accordance  with  the  values  generally  assumed  for  such  channels. 
The  result  determined  by  experiment  12  seems  to  be  unusually  high 
for  such  a  section.  The  experiment  of  July  9,  1915,  number  13  in 
table  9,  illustrates  the  retarding  effect  of  vegetation;  while  the  experi- 
ment of  June  3,  1913,  number  20  in  table  9,  illustrates  the  conditions 
in  a  typical,  irregular  river  channel  during  low  water.  The  results 
obtained  on  the  Miami  River  at  Hamilton  are  likewise  consistent 
with  the  conditions  and  are  in  agreement  with  the  values  generally 
used  in  designing  such  channels.  The  results  which  were  obtained  at 
these  locations  may  be  considered  as  very  satisfactory  checks  on  the 
values  that  were  used  in  designing  the  local  channel  improvements 
which  are  a  part  of  the  Official  Plan. 

Rather  unusual  results  were  secured  on  the  Bogue  Phalia  River 
in  Mississippi.  The  values  of  n  are  seen  to  vary  from  0.044  to  0.100 
and  the  values  of  m  from  1.62  to  6.75  during  the  decrease  in  stage  of 
about  2.6  feet.  Although  the  retarding  influence  of  the  log  and  de- 
bris jams  which  were  present  undoubtedly  increased  as  the  water  fell, 
this  influence  could  hardly  account  for  such  changes  in  roughness 
factors.  It  is  probable  that  the  effect  of  the  slope  on  the  coefficient 
C  is  much  more  pronounced  in  cases  Uke  the  Bogue  Phalia,  where  the 
total  fall  per  mile  is  only  about  0.02  or  0.03  feet  per  mile,  than  that 
shown  by  the  Eutter  formula.  That  the  inclusion  of  the  slope  cor- 
rection in  the  Eutter  formula  was  proper  seems  to  be  indicated  by 
this  series  of  experiments.  Eutter's  n  is  seen  to  increase  to  only  about 
2.3  times  the  minimum  value  while  Bazin's  m  is  seen  to  increase  to 
about  4.2  times  the  minimum.  This  subject  will  be  treated  more 
fully  in  chapter  X, 

The  results  obtained  on  the  Miami  and  Erie  Canal  indicate  the 
retarding  effect  of  vegetation,  as  will  be  seen  by  referring  to  the 
description  of  these  experiments  given  in  the  following  pages.  The 
results  of  the  St.  Francis  River  experiments  are  about  what  would  be 
expected  for  such  a  stream.  They,  also,  indicate  that  it  is  not  neces- 
sary to  determine  the  net  area  of  flow  space  in  calculating  discharges 
of  natural  river  channels  whose  edges  are  covered  with  trees.  The 
results  obtained  on  the  ditches  in  Arkansas  are  about  the  values  that 
would  be  used  at  the  present  time  in  the  design  of  dipper  dredge 
canals  through  clay.  A  few  years  ago  it  was  customary  to  use  values 
as  low  as  0.025  and  0.0225.  The  result  of  the  experiment  made  on 
the  Ohio  River  at  Cincinnati  is  about  what  would  be  expected  for 
such  conditions. 
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Table  ^.—Hydraulic  Elements  and  Results  of  Roughness  Factor  Bzperiments  Made 
In  Connection  with  the  Researches  of  the  Miami  Conservancy  District 
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Table  9.— Continued. 
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The  roughness  factors  calculated  for  the  Mississippi  River  above 
CarroUton,  Louisiana,  are  somewhat  higher  than  would  be  anticipated. 
An  inspection  of  the  cross  section,  however,  shows  that  the  channel 
is  comparatively  irregular,  see  description  given  in  the  following  pages. 
The  results  obtained  on  the  basis  of  the  total  cross  section  between 
levees  are  quite  different  from  those  obtained  on  the  basis  of  the  river 
channel  alone.  The  series  of  1912  and  1913  both  show  that  in  com- 
puting the  discharge  imder  such  conditions  it  is  necessary  to  divide 
the  total  area  of  flow  space  into  parts  and  to  compute  the  discharge 
of  the  main  channel  and  overflow  areas  separately. 

DESCRIPTIONS  OF  EXPERIMENTS 

It  was  impossible  to  include  in  table  9  complete  data  regarding 
the  conditions  of  the  channels  and  the  methods  used  in  making  the 
experiments.  In  order  that  this  information  may  be  available,  how- 
ever, detailed  descriptions  are  given  in  the  following  pages.  The 
arrangement  of  the  descriptions  is  only  slightly  different  from  that 
followed  in  table  9.  The  various  locations  are  taken  up  in  the  same 
order  but  the  individual  experiments  making  up  a  given  series  are 
discussed  chronologically  rather  than  according  to  increasing  gage 
heights. 

It  is  well  known  to  experienced  hydrographers  that  all  hydraulic 
measurements  are  subject  to  error  from  a  large  variety  of  sources. 
Long  experience  with  standard  methods,  however,  enables  an  observer 
to  form  a  reliable  judgment  as  to  the  probable  relative  degree  of  accur- 
.acy  of  his  observations  under  various  conditions.  In  the  course  of 
combining  various  observations  during  computations,  errors  may  tend 
to  balance  or  to  cumulate.  It  has  been  thought  useful  in  connection 
with  the  description  of  each  of  the  experiments  to  follow,  to  discuss 
the  accuracy  of  the  results  obtained  in  each  case,  from  the  viewpoint 
of  the  degree  of  difficulty  of  making  the  observations  and  the  nature 
of  the  subsequent  computations.  Hence  there  is  stated  for  each  re- 
sult the  maximum  error  which  ought  not  to  be  exceeded  on  account 
of  the  difficulties  inherent  in  the  observations  or  computations. 
This  does  not  mean,  of  course,  that  the  finally  obtained  values  of 
C  or  n  can  necessarily  be  applied  to  -another  location  with  as  high  a 
degree  of  certainty  as  is  indicated  by  the  maximum  error  stated. 
A  discussion  of  comparative  values  of  n  for  different  locations  is  given 
in  the  next  chapter  in  connection  with  the  discussion  of  Kutter's  for- 
mula, see  page  137. 

MIAMI  RIVER  AT  TADMOR 

The  experiments  made  on  the  Miami  River  at  Tadmor  were 
taken  in  the  stretch  of  channel  about  a  half  a  mile  in  length  lying  just 
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above  the  National  Road.  The  hydrographic  conditions  at  this  loca- 
tion have  been  discussed  in  chapter  III,  in  connection  with  the 
descriptions  of  the  1913  flood  measurements,  and  the  conditions  are 
shown  in  figures  1  and  2,  pages  37  and  38.  The  general  shape  of  the 
cross  section  is  shown  in  figure  1  by  the  parts  of  sections  C  and  D 
that  form  the  main  channel  of  the  river.  The  alignment  of  the 
stream  is  shown  in  figure  2.  The  public  highway,  which  crosses  the 
valley  at  Tadmor,  shown  in  figure  2,  is  known  as  the  National  Road. 
The  fringes  of  bushes  and  trees,  which  exist  along  the  edges  of  the 
channel  and  which  constitute  the  principal  disturbing  elements  at 
this  location,  are  shown  in  figures  9  and  10,  facing  page  41.  These 
views  were  taken  during  the  afternoon  of  April  8,  19.15,  when  the 
reading  of  the  U.  S.  Weather  Bureau  gage  on  the  National  Road 
bridge  was  1.3  feet.  The  stream  bed  is  composed  of  clay,  sand,  and 
gravel.  No  rocks  or  boulders  of  appreciable  size  were  encountered. 
The  hydraulic  elements  of  the  various  cross  sections  that  were 
measured  for  use  in  these  studies,  are  given  in  table  10,  for  water 
surface  elevations  corresponding  to  a  stage  of  11.7  feet.    The  ele- 

Table  10. — ^Hydraulic  Elements  of  Cross  Sections,  Miami  River  at  Tadmor,  Sta^e  of 

11.7  Feet 
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ments  of  the  net  cross  section  between  the  trees  are  included  as  well 
as  those  corresponding  to  the  total  cross  section.  These  measure- 
ments were  made  in  January,  1915,  just  before  the  first  experiment 
was  secured.  The  variations  in  quantities  are  seen  to  be  exception- 
ally small  in  comparison  with  those  that  generally  occur  in  natural 
channels. 
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Experiment  of  Februaiy  6, 1915 

On  February  6,  1915,  when  measurements  numbers  10  and  11  in 
table  9  were  secured,  the  hydraulic  conditions  were  imusually  favor- 
able for  accurate  observations.  The  stage  remained  stationary  dur- 
ing the  time  in  which  the  determinations  of  velocity  and  slope  were 
made.  Although  the  water  surface  elevation  at  the  upper  end  of 
this  stretch  was  practically  the  same  as  the  elevation  of  the  top  of 
the  levee  on  the  left  bank,  no  water  was  flowing  out  of  the  x^hannel. 
Some  water  was  getting  out  on  to  the  overflow  area  in  places  a  dis- 
tance upstream,  but  not  in  sufficient  quantities  to  affect  the  accuracy 
of  the  investigations.  There  was  no  floating  ice  or  debris  to  inter- 
fere with  the  current  meter  observations.  The  general  hydrographic 
conditions  are  well  illustrated  in  figure  19,  which  was  taken  looking 
upstream  from  the  National  Road  bridge,  February  2,  1915,  when 
the  stage  was  about  a  foot  lower  than  it  was  on  February  6. 

The  discharge  measurements  were  made  at  the  upstream  side  of 
the  National  Road  bridge.  Observations  were  taken  at  15  vertical 
sections,  the  two-point  method  being  used  at  9  and  the  surface  method 
at  6.  Surface  elevations  for  use  in  calculating  the  slope,  were  meas- 
ured at  16  points,  well  distributed  on  both  sides  of  the  river.  Ele- 
vations at  12  of  these  places  were  obtained  by  driving  stakes  flush 
with  water  surface  and  then  running  a  level  circuit  for  the  purpose  of 
determining  their  elevations;  while  the  elevations  at  the  remaining 
4  places  were  read  directly  on  vertical  staff  gages  that  had  been  pre- 
viously installed  with  this  object  in  view.  The  stage  observed  at 
the  U.  S.  Weather  Bureau  gage  in  connection  with  the  discharge 
measurements  was  also  available. 

Number  10  in  table  9  gives  the  hydraulic  quantities  and  results 
based  upon  the  total  area  of  the  flow  space;  while  number  11  gives 
those  based  on  the  net  cross  section  between  the  inner  edges  of  the 
trees. 

Experiments  of  January  4,  1916 

The  experiments  of  January  4,  1916,  numbers  8  and  9  in  table  9, 
were  made  when  the  stage  was  only  a  few  tenths  of  a  foot  lower  than 
it  was  on  February  6,  1915.  The  principal  difference  between  the 
conditions  on  these  two  dates  was  that  on  January  4,  1916,  the  stage 
was  falling  at  a  rate  of  about  a  tenth  of  a  foot  an  hour,  while  on  Feb- 
ruary 6,  1915,  the  stage  was  stationary. 

Discharge  measurements  were  made  on  January  4,  at  the  National 
Road  bridge.  Velocities  were  obtained  in  12  vertical  sections,  using 
the  two-point  method  in  4  and  the  surface  method  in  8.  Elevations 
of  the  water  surface  were  obtained  by  driving  stakes  flush  with  the 
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surface  at  12  points  on  the  right  bank  and  at  6  points  on  the  left 
bank,  and  by  reading  the  various  gages,  2  observations  being  taken 
on  each  of  the  gages  in  order  to  determine  the  rate  at  which  the 
surface  was  falling.  Number  8  in  table  9  gives  the  quantities  and 
results  determined  on  the  basis  of  the  total  cross  section;  and  number  9 
gives  those  determined  on  the  basis  of  the  net  area  between  the  trees. 

Experiment  of  January  7,  1916 

On  January  7,  1916,  when  the  levels  were  run  to  determine  the 
elevations  of  the  stakes  that  had  been  set  on  January  4,  data  was 
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FIG.  20.— RATING  CURVE  FOR  THE  MIAMI  RIVER  AT  THE  TADMOR 

GAGING  STATION. 

Circles  indicate  results  of  current  meter  measurements. 


secured  which  formed  the  basis  for  numbers  4  and  5  in  table  9.  Level 
readings  were  taken  on  the  surface  of  the  water  at  3  places  on  the 
right  bank  and  at  1  on  the  left  bank.  In  addition  readings  were 
taken  of  the  U.  S.  Weather  Bureau  gage  and  of  the  4  gages  along  the 
right  bank,  previously  mentioned,  giving  a  total  of  9  points. 

The  reading  of  the  government  gage  was  6.79  feet  at  8:53  a.m. 
The  water  was  falling  at  a  rate  of  about  0.04  of  a  foot  per  hour,  and 
at  2  p.m.,  the  time  to  which  all  observations  were  corrected  before 
platting  the  profile,  the  reading  was  6.55  feet. 
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No  discharge  measurements  were  made  on  this  date,  the  quantity 
given  in  table  9  being  taken  from  the  station  rating  curve,  figure  20, 
which  is  well  defined  for  stages  from  1.5  to  12  feet.  The  relation 
between  gage  height  and  discharge  has  not  changed  during  the  past 
three  yeans.  Individual  measurements  at  stages  about  the  same  as 
that  of  January  7  do  not  differ  from  the  rating  curve  more  than  about 
2  per  cent. 

Number  4  gives  the  quantities  calculated  on  the  basis  of  the  total 
section  while  number  5  gives  those  calculated  on  the  basis  of  the  net 
section  between  the  trees. 

Experiments  of  September  6,  1916 

The  data  secured  on  September  6,  1916,  furnished  the  basis  for 
numbers  2,  3,  6,  and  7  in  table  9.  Discharge  measurements  were 
made  at  the  National  Road  bridge  beginning  at  2  KX)  p.m.  and  ending 
at  4:20  p.m.  Velocities  and  depths  were  observed  in  20  verticals, 
the  six  tenths  depth  method  being  used  in  3  and  the  two-point  method 
in  the  remaining  17.  Elevations  of  the  water  surface  were  obtained 
by  driving  stakes  at  places  about  200  feet  apart  along  both  banks  of 
the  stream  and  by  taking  several  readings  of  each  of  the  gages  above 
the  bridge  as  well  as  of  the  government  gage.  These  observations 
were  begun  about  10:30  a.m.  when  the  river  was  just  beginning  to 
fall,  and  continued  until  about  3:30  p.m.,  by  which  time  the  stage 
had  fallen  1.7  feet.  The  maximum  height  reached  by  the  surface 
was  determined  near  each  stake. 

Numbers  6  and  7  give  the  quantities  corresponding  to  the  maxi- 
mum stage;  while  numbers  2  and  3  give  those  corresponding  to  the 
stage  at  2.-00  p.m.,  the  first  number  appl3ring  to  the  total  cross  section 
in  each  case  and  the  second  appl3ring  to  the  section  between  the  trees. 
Discharges  for  both  stages  were  taken  from  the  station  rating  curve. 

Experiment  of  September  11,  1916 

On  September  11,  1916,  while  running  levels  over  the  stakes  that 
had  been  set  September  6,  elevations  of  the  water  surface  were  meas- 
ured at  14  places  along  the  left  bank  and  at  9  places  along  the  right 
bank.  These  observations  were  begun  about  9 :00  a.m.  and  ended  about 
4:20  p.m.  During  this  time  the  stage  fell  from  1.90  feet  to  1.80  feet. 
The  discharge  was  determined  from  the  station  rating  curve.  Since 
the  trees  do  not  occur  in  any  part  of  the  cross  section  when  the  stage 
is  less  than  about  4  feet,  quantities  could  be  calculated  for  the  total 
section  only.    These  results  are  given  under  number  1  in  table  9. 
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Accuracy 

It  is  believed  that  the  results  of  the  experiments  made  at  Tadmor 
are  accurate  within  reasonable  limits.  Although  errors  might  creep 
in  from  various  sources,  such  as  in  setting  stakes,  leveling,  deter- 
mining slope  from  elevations  measured,  soundings,  measuring  dis- 
tances, measuring  velocities,  rating  the  current  meter,  calculating 
discharges,  and  the  like,  such  discrepancies  would  tend  to  balance; 
or,  if  certain  ones  would  tend  to  accumulate  in  one  case,  they  prob- 
ably would  in  the  other  cases  also.  Figure  20  shows  that  the  rating 
curve  at  Tadmor  is  unusually  well  determined.  It  is  doubtful  if  any 
one  of  the  discharges  given  for  experiments  2  to  11,  inclusive,  are  in 
error  more  than  2  per  cent  or  if  the  discharge  given  for  experiment  1 
is  in  error  more  than  3  per  cent.  The  surface  slopes  are  probably  as 
accurate  as  the  discharges  in  all  cases  except  number  1,  where  the 
total  fall  was  only  about  0.08  of  a  foot.  In  this  case  it  is  possible, 
of  course,  that  the  slope  may  be  in  error  as  much  as  10  per  cent, 
which  would  cause  an  uncertainty  of  about  5  per  cent  in  the  rough- 
ness coefficients.  The  average  cross  sections  are  undoubtedly  accu- 
rate to  within  1  per  cent.  Considering  the  tendency  for  the  discrep- 
ancies to  balance  it  is  doubtful  if  the  results  of  experiments  2  to  11, 
inclusive,  are  in  error  more  than  3  per  cent;  or  if  the  results  of  experi- 
ment 1  are  in  error  more  than  6  per  cent. 

MIAlfl  RIVER  BELOW  MAIN  STREET,  DAYTON 

The  measurements  that  furnished  the  data  for  experiments  12  to 
17  in  table  9,  were  made  on  the  Miami  River  at  Da3rton,  near  the 
Main  Street  gaging  station.  Although  the  observations  of  surface 
elevation  generally  extended  from  places  some  distance  above  the 
Main  Street  bridge  to  places  near  the  south  edge  of  the  city,  the 
roughness  factor  studies  were  confined  to  the  section  lying  immedi- 
ately below  Main  Street,  sometimes  reaching  as  far  downstream  as 
Third  Street  but  generally  ending  at  the  Dajrton  View  bridge.  The 
aUgnment  of  the  channel  at  this  location  may  be  seen  by  referring 
to  the  map  of  the  Miami  River  in  Dayton  given  in  figure  21.  It 
will  be  noticed  that  this  stretch  of  the  river  includes  two  rather  sharp 
bends  whose  total  curvature  is  about  110  degrees.  Throughout  the 
entire  length  the  channel  is  enclosed  between  high  levees  or  masonry 
retaining  walls.  Relatively  small  portions  of  the  submerged  area  on 
both  banks  are  paved  with  concrete. 

The  condition  of  the  channel  may  be  described  briefly  as  follows: 
The  bed  is  composed  of  clay,  sand,  and  gravel  with  a  preponderance 
of  gravel.    Prom  Main  Street  to  about  1,000  feet  below  the  Dayton 
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FIG.  21 —MAP  OF  THE  CENTRAL  PART  OF  DAYTON. 
This  figure  showa  the  alignment  of  the  river  channels,  the  tocatione  of  the 
principal  bridges,  the  Great  Miami  River  Improvement,  the  cut-off  channel,  and 
other  features  pertinent  to  the  descriptions  of  the  roughness  factor  experiments. 


CALCULATION  OF  FLOW  IN  OPEN  CHANNELS 


93 


View  bridge  the  channel  is  comparatively  uniform.  The  width  does 
not  vary  greatly;  the  bed  of  the  stream  is  fairly  regular;  and  the  mean 
depth  does  not  change  appreciably.  About  the  only  unusual  element 
that  tends  to  retard  the  flow  is  the  crossing  of  the  low-water  section 
from  the  left  side  to  the  right,  which  takes  place  near  the  upper  end 
of  the  curve  just  above  the  Dayton  View  bridge.  About  1000  feet 
below  this  bridge  the  channel  widens  out  considerably,  the  mean 
depth  of  flow  decreases  somewhat,  and  the  bed  of  the  stream  becomes 
much  more  irregular  than  it  is  above.  Although  the  low-water 
channel  continues  along  the  right  levee  through  the  remainder  of 
the  stretch,  the  roughness  conditions  are  somewhat  greater  than  they 
are  in  the  upper  section. 

The  variations  in  the  shape  of  the  channel  may  be  seen  by  refer- 
ring to  table  11  which  gives  the  hydraulic  elements  of  cross  sections 


Table  11. — ^Hydraulic  Elements  of  Cross  Sections,  Miami  Riyer  below  Main  Street, 

Dayton,  Stage  10.2  Feet 


station 

Aim 

Top  Width 

Wetted  Perimeter 

Hydraulic  Radius 

72 

SQuarefeet 

5340 
•5100 
6160 
4720 
4440 
4760 
5000 
5240 
5960 
6620 
5860 
6540 
5660 
5680 
t7050 
6920 
6040 
5550 
5820 
6600 
5950 
5630 
6160 
4960 
t6200 

Feet 
560 

540 

540 
530 
570 
565 
555 
585 
570 
555 
695 
680 
670 

680 
645 
620 
615 
605 
728 
812 
860 
822 

Foet 
570 

553 

532 
542 
580 
573 
565 
593 
578 
563 
701 
687 
676 

695 
655 
635 
630 
615 
735 
820 
867 
830 

Feet 
9.4 

9.3 

8.5 

8.2 

8.2 

8.7 

9.3 

10.0 

11.5 

10.4 

9.3 

8.2 

8.4 

10.0 
9.2 
8.7 
9.2 

10.7 
8.1 
6.9 
7.1 
6.1 

74 

76 

78 

80 

82 

84 

86 

88 

90 

92 

94 

96 

98 

100 

102 

104 

106 

108 

110... 

112 

116 

121 

123 

125 

72-123  incl... 

72-98incl... 

102-123  incl... 

72-110  incl... 

§5665 
5460 
5959 
5662 

635 
586 
710 
599 

646 
595 
720 
609 

8.77 
9.18 
8.27 
9.30 

•  At  Main  Street  Bridge. 

t  At  Dayton  View  Bridge. 

i  At  Thiid  Street  Bridge. 

§  Areas  at  bridges  not  included  in  computing  averagee. 
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about  200  feet  apart  between  the  Main  Street  and  Third  Street 
bridges.  The  data  given  in  this  table  corresponds  to  a  stage  of 
10.2  feet  at  Main  Street.  It  will  be  noticed  that,  for  this  stage  there 
is  no  contracting  effect  whatever  at  any  one  of  the  three  bridges  in- 
cluded in  this  stretch.  In  fact  the  areas  of  the  flow  space  at  the 
Dayton  View  and  Third  Street  bridges  are  considerably  larger  than 
the  corresponding  areas  of  the  channels  just  above,  this  condition 
being  brought  about  by  the  scour  that  occurred  under  the  bridges 
during  the  flood  of  March,  1913. 

During  low-water  conditions  in  the  summer,  dense  growths  of 
grass,  weeds,  and  willows,  develop  on  the  portions  of  the  bottom  of 
the  channel  that  are  not  submerged,  thus  reducing  the  flood  capacity 
of  the  channel  very  materially.  This  vegetation  is  generally  cleaned 
out  late  in  the  summer  or  early  in  the  fall  of  the  year.  Figures  22 
to  26  show  the  general  channel  conditions.  Figure  22  is  a.  view  of 
the  Main  Street  bridge  and  the  Miami  River  channel,  looking  up- 
stream from  a  place  on  the  south  bank  about  600  feet  below  the  bridge, 
taken  October  6,  1915,  when  the  stage  was  about  2.6  feet.  The  top  of 
the  masonry  retaining  wall  that  constitutes  the  south  edge  of  the  chan- 
nel at  this  location  may  be  seen  at  the  right  of  the  view;  while  the 
earth  levee  and  wide  overflow  area  that  exists  along  the  north  side  of 
the  channel,  both  above  and  below  the  bridge,  may  be  seen  at  the  left 
of  the  picture. 

Figure  23  shows  a  part  of  the  right,  or  north,  bank  of  the  Miami 
River  a  short  distance  above  the  Dayton  View  bridge.  This  view 
was  taken  in  the  summer,  when  low-water  conditions  existed,  from 
a  place  on  the  left  bank.  Figure  24  is  a  view  looking  southwest  from 
a  point  on  the  levee  just  below  the  north  end  of  the  Main  Street 
bridge,  also  taken  in  the  summer  when  the  stage  was  comparatively 
low.  This  view  shows  the  vertical  concrete  and  stone  retaining  walls 
and  the  sloping  concrete  pavement  on  the  left  bank  of  the  river  below 
Main  Street.  It  also  shows  a  part  of  the  gravel  bar  which  exists  on 
the  right  bank  at  this  place,  during  low-water  stages.  Figure  25  is 
a  view  of  the  channel  and  the  Dayton  View  bridge  from  a  place  on 
the  north  bank,  near  the  upper  end  of  the  curve  which  exists  just 
above  this  bridge,  taken  July  11,  1913,  when  the  stage  at  Main  Street 
was  about  1.0  foot.  Note  the  growth  of  willows  on  the  south  side 
of  the  stream  at  the  left  of  the  view.  These  willows  evidently  had 
not  been  cleaned  out  the  preceding  year,  as  they  are  much  larger 
than  they  would  have  been  after  one  season's  growth.  The  inner 
slopes  of  the  earth  levees  may  be  seen  at  both  edges  of  the  picture. 
Figure  26  is  a  view  looking  down  the  Miami  River  from  the  north- 
west end  of  the  Dayton  View  bridge,  also  taken  July  11,  1913.    At 
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the  left  is  seen  the  masonry  retaining  wall  on  the  left  bank  of  the 
stream  just  below  the  Dayton  View  bridge;  in  the  center  is  seen  a 
growth  of  willows,  similar  to  that  in  figure  25»  and  beyond  is  the  Third 
Street  concrete  arch  bridge.  At  the  right  is  the  twoHspan  through- 
truss  bridge  over  the  mouth  of  Wolf  Creek. 

Experiment  of  June  4, 1913 

The  experiment  of  June  4,  1913,  number  12  in  table  9,  was  made 
in  the  section  Ijring  between  the  Main  Street  and  Dayton  View 
bridges,  when  the  stage  at  Main  Street  was  stationary  at  2.5  feet. 
Discharge  measurements  were  made  at  the  Dayton  View  bridge, 
using  the  two-point  method  and  taking  observations  in  33  verticals. 
Elevations  on  the  water  surface  were  obtained  by  level  readings  at 
20  points  on  the  south  edge  of  the  stream  and  at  26  points  on  the 
north  edge,  giving  a  total  of  46  observations.  The  average  area  and 
hydraulic  radius  were  determined  from  23  cross  sections  which  were 
platted  from  detailed  contour  maps  of  the  river  bed,  at  intervals  of 
about  100  feet. 

The  profile  and  cross  sections  checked  very  well  throughout. 
The  profile  showed  a  rather  uniform  surface  slope  for  about  1000 
feet  at  the  upper  end,  a  flat  surface  for  the  next  1000  feet,  and  then 
an  increase  in  slope  at  the  lower  end;  whHe  the  cross  sections  were 
imiformly  small  through  the  first  1000  feet,  about  50  per  cent  larger 
through  the  next  1000  feet  where  the  flat  surface  existed,  and  then 
considerably  smaller  throughout  the  remainder  of  the  length.  The 
flow  through  the  section  where  the  level  surface  existed  was  main- 
tained by  the  velocity  head  liberated  as  the  velocity  decreased. 

Experiments  of  April  8|  1914 

The  experiments  of  April  8,  1914,  numbers  16  and  17  in  table  9, 
were  made  between  the  Main  Street  and  Third  Street  bridges  during 
a  stationary  stage  of  9  feet.  The  growth  of  willows  shown  in  figures 
25  and  26  had  been  removed  during  the  fall  of  1913,  so  that  the 
channel  was  in  good  condition. 

Current  meter  measurements  were  secured  at  the  Dayton  View 
bridge,  readings  being  taken  by  the  two-point  method  in  27  vertical 
sections  and  by  the  surface  method  in  15,  giving  a  total  of  42.  Sur- 
face elevations  for  use  in  calculating  the  slope  were  obtained  by  driv- 
ing stakes  flush  with  the  surface  at  21  points.  These  were  scattered 
along  both  banks  throughout  the  entire  stretch.  Cross  sections  were 
platted  from  the  contour  maps  of  the  river  channel,  at  intervals  of 
100  feet.    Some  of  them  could  not  be  used  on  account  of  obliquity, 
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obstructions,  and  dead  water,  but  43  were  measured  with  the  plan- 
imeter  and  used  in  calculating  the  elements  of  the  average  cross  sec- 
tions. 

The  cross  sections  and  profile  were  very  carefully  examined  to  see 
into  what  different  portions  the  whole  length  could  be  profitably 
divided  for  the  purpose  of  calculating  roughness  effects.  At  first, 
10  different  portions  were  tried;  but  as  various  tentative  computa- 
tions showed  that  no  advantage  was  gained  by  this  division,  the  final 
studies  were  based  on  a  division  into  2  parts.  The  first,  or  upper 
section  as  it  may  be  termed,  extended  from  the  Main  Street  bridge 
to  about  1200  feet  below  the  Dayton  View  bridge;  and  the  second, 
or  lower  section,  extended  from  this  place  to  the  Third  Street  bridge. 
The  hydraulic  elements  and  roughness  factors  determined  for  the 
upper  section  are  given  under  number  16  in  table  9;  and  those  deter- 
mined for  the  lower  section  are  given  under  number  17. 

Experiment  of  July  9, 1915 

The  experiment  of  July  9,  1915,  number  13  in  table  9,  was  made 
during  a  stage  of  about  10  feet,  at  a  time  when  the  channel  was  full 
of  vegetation.  Weeds  and  bushes,  as  high  as  a  man's  head,  covered 
both  banks  and  levees  and  extended  through  the  bottom  of  the  chan- 
nel as  far  as  the  low  water  section.  This  had  the  effect  of  raising  the 
stag")  at  Main  Street  about  1.3  feet  higher  than  it  would  have  been 
for  the  same  rate  of  discharge  if  the  flood  had  occurred  during  the 
winter  months.  The  stage  was  falling  at  the  rate  of  about  0.16  feet 
per  hour  at  the  time  the  measurements  were  made. 

Current  meter  observations  were  taken  at  the  Main  Street  bridge. 
Readings  were  secured  in  18  vertical  sections,  the  two-point  method 
being  used  in  4  and  the  surface  method  in  the  remaining  14.  Ele- 
vations for  use  in  calculating  the  slope  were  determined  at  various 
points  by  driving  stakes  flush  with  the  water  surface.  Although 
stakes  were  set  along  both  edges  of  the  river  from  the  Steele  dam  to 
the  south  edge  of  the  city,  the  roughness  factor  studies  were  confined 
to  the  section  between  the  Main  Street  and  Dayton  View  bridges. 
Fifteen  elevations  of  the  water  surface  were  available  for  computing 
the  slope  within  this  length.  The  average  area  and  hydraulic  radius 
were  calculated  from  12  cross  sections  which  had  been  platted  from 
the  contour  maps  of  the  river  bed. 

Experiment  of  January  2,  1916 

The  experiment  of  January  2,  1916,  number  15  in  table  9,  was 
secured  during  a  practically  stationary  stage  of  about  14  feet,  at  a 
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time  when  the  channel  was  in  good  condition.  The  vegetation  which 
had  grown  up  during  the  preceding  summer  had  been  cleaned  out 
early  in  the  fall,  so  that  there  were  no  unusual  conditions  to  obstruct 
the  flow. 

Elevations  of  the  water  surface  were  obtained  in  the  same  manner 
as  on  July  9,  about  15  stakes  being  located  in  the  stretch  between 
the  Main  Street  and  Dayton  View  bridges,  to  which  the  studies  of 
roughness  factors  were  again  limited.  Current  meter  measurements 
of  discharge  were  secured  at  the  Main  Street  bridge.  Readings  were 
taken  by  the  siuface  method  in  29  vertical  sections.  In  calculating 
roughness  factors,  however,  the  discharge  was  taken  from  the  rating 
curve  of  the  Main  Street  gaging  station,  figure  27,  which  is  based  on 
several  independent  gagings  made  by  different  men  with  different 
meters.  This  method  tended  to  reduce  the  various  accidental  errors 
due  to  personal  equations,  difSculties  in  measurement,  and  the  Uke. 
The  elements  of  the  average  cross  section  were  determined  from  the 
same  sections  that  were  utilised  in  the  July  experiment. 

Experiment  of  Febniaiy  !» 1916 

The  measurements  of  February  1,  1916,  which  furnished  the  data 
for  number  14  in  table  9,  were  made  under  conditions  very  similar 
to  those  of  January  2.  The  channel  was  in  practically  the  same  con- 
dition; and  the  stage,  being  about  13.5  feet,  was  only  a  few  tenths  of 
a  foot  lower  than  on  January  2.  About  the  only  difference  in  the 
conditions  on  the  two  dates  was  that  on  February  1  the  stage  was 
falling  at  a  rate  of  about  0.2  of  a  foot  per  hour  while  on  January  2, 
it  was  stationary. 

Elevations  of  the  water  surface  were  obtained  in  the  same  manner 
as  on  January  2,  but  at  a  slightly  greater  number  of  locations.  In 
this  case  about  22  elevations  were  secured  in  the  stretch  between  the 
Main  Street  and  Dayton  View  bridges,  the  length  to  which  the  studies 
were  again  confined.  Discharge  measurements  were  made  at  the 
Main  Street  bridge.  Observations  were  taken  by  the  surface  method 
in  33  vertical  sections.  In  calculating  roughness  factors,  however, 
the  discharge  was  again  taken  from  the  station  rating  curve.  The 
average  cross  section  was  again  calculated  from  the  sections  that  were 
used  in  the  experiments  of  July,  1915,  and  January,  1916. 

Accuracy 

The  experiments  that  were  made  on  the  Miami  River  below  Main 
Street,  in  Dayton,  are  probably  as  accurate  as  those  that  were  made 
at  Tadmor.    Although  the  various  gagings  of  discharge  that  have 
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been  made  at  the  Main  Street  bridge  do  not  fall  quite  so  close  to  the 
mean  curve,  see  figure  27,  as  do  the  gagings  at  Tadmor,  see  figure  20, 
it  is  doubtful  if  the  quantities  taken  from  the  Dayton  rating  curve 
are  much  more  in  error  than  those  taken  from  the  Tadmor  curve. 
The  slopes  are  undoubtedly  accurate  in  all  cases  except  in  the  experi- 
ment of  June  4,  1913,  number  12  in  table  9,  where  the  total  fall  was 
only  about  0.09  of  a  foot.  It  is  possible  that  the  slope  in  this  case 
might  be  as  much  as  10  per  cent  in  error.  The  average  cross  section 
could  hardly  be  in  error  as  much  as  1  per  cent  in  any  case.  Consider- 
ing all  of  the  elements  that  affect  the  situation  as  well  as  the  tendency 
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FIG.  27.— RATING  CURVES  FOR  THE  MIAMI  RIVER  AT  THE  DAYTON 

GAGING  STATION. 

Circles  indicate  results  of  current  meter  measurements. 


for  observational  errors  to  balance,  it  is  doubtful  if  the  roughness  co- 
efScients  computed  for  numbers  13  to  17  inclusive,  in  table  9,  are  in 
error  more  than  4  per  cent;  or  if  those  computed  for  number  12  are 
in  error  more  than  6  per  cent. . 

MIAMI  RIVER  ABOVE  TROY  PIKE,  DAYTON 

The  measurements  which  furnished  the  data  for  experiments  18 
and  19  in  table  9,  were  secured  on  the  Miami  River  at  the  north  edge 
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of  Dayton,  June  6,  1913.  The  stretch  in  which  the  observations  were 
made  is  a  straight  artificial  channel,  see  figure  21,  page  92,  about  half 
a  mile  in  length  lying  chiefly  above  the  Troy  Pike,  the  lower  end  being 
only  about  500  feet  below  that  road.  During  low  water  conditions  it  is 
made  up  of  two  rather  different  parts.  One,  which  may  be  termed  the 
upper  part,  has  a  comparatively  uniform  cross  section  with  an  area  of 
about  700  square  feet  and  a  hydraulic  radius  of  about  3  feet;  while  the 
other,  which  may  be  referred  to  as  the  lower  part,  although  it  has  a 
similar  uniform  cross  section,  is  only  about  one  half  as  large  and  about 
half  as  deep.  The  variations  in  the  size  of  the  channel  may  be  seen 
by  referring  to  table  12  which  gives  the  hydraulic  elements  of  13  cross 

TaUe  12. — ^Hydnttlic  Elements  of  Cross  Sections^  Miami  Slyer  near  the  Troy  Pike, 

Dayton,  for  Conditions  on  June  6, 1913 


station 

Aim 

Top  WldUi 

Wetted  Pertmeter 

Hydnulic  RadiuB 

74 

SQUATOfeet 

700 
760 
700 
740 
740 
740 
620 
360 
34.0 
340 
520 
420 
400 

Feet 

210 
190 
190 
210 
220 
270 
235 
215 
255 
270 
270 
255 
270 

Feet 

212 
192 
193 
212 
222 
272 
237 
216 
256 
271 
271 
256 
271 

Feet 
3.3 
4.0 
3.6 
3.5 
3.3 
2.7 
2.6 
1.7 
1.3 
1.3 
1.9 
1.6 
1.5 

72 

70 

68 

66 

64 

62 

60 

58 

56 

54 

52 

50 

74-50  incl 

74-62    "   .... 
60-50    "   .... 

568 
714 
397 

235 
218 
256 

237 
220 
257 

2.40 
3.30 
1.55 

sections,  corresponding  to  the  conditions  that  existed  on  June  6, 
1913.  The  transition  from  the  upper  part  to  the  lower,  is  seen  to 
take  place  between  stations  62  and  60.  These  13  sections  were  plat- 
ted at  200-foot  intervals,  from  the  contour  maps  of  the  river  bed. 
The  material  making  up  the  wetted  perimeter  is  about  the  same  in 
both  parts  and  consists  of  clay,  sand,  and  gravel,  the  glacial  deposit 
which  is  so  common  in  this  valley. 

At  the  time  the  measurements  were  made,  the  channel  was  in  good 
condition.  Although  a  few  small  weeds  and  bushes  lined  the  banks 
in  places,  they  did  not  extend  far  into  the  water  and  consequently 
did  not  obstruct  the  flow  any  appreciable  amount.  No  drift  or  de- 
bris of  any  consequence  could  be  noticed.  The  stage  at  Main  Street 
was  stationary  at  about  2.6  feet.  Figure  28  is  a  view  looking  up- 
stream from  a  place  on  the  south  bank  just  below  the  Troy  Pike 
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bridge.  Although  this  picture  was  taken  April  20,  1917,  the  condi- 
tions shown  are  practically  the  same  as  those  that  existed  at  the  time 
the  measurements  were  made. 

Discharge  measurements  were  made  at  the  upstream  side  of  the 
Troy  Pike  bridge.  Readings  were  taken  by  the  two-point  method  in 
30  vertical  sections.  Elevations  of  the  water  surface  were  obtained 
by  level  readings  at  46  points  in  all,  of  which  20  were  located  along 
the  south  edge  of  the  stream  and  the  remaining  26  along  the  north 
edge.  Average  cross  sections  were  computed  from  the  data  given  in 
table  12. 

Number  18  in  table  9  gives-the  data  and  results  calculated  for  the 
upper  part,  and  number  19  gives  those  calculated  for  the  lower  part. 
There  was  no  apparent  reason  why  the  roughness  coefficients  for  the 
upper  part  should  be  so  much  higher  than  those  for  the  lower  part. 
It  is  not  probable  that  the  results  are  more  than  4  per  cent  in  error, 
as  the  conditions  were  comparatively  favorable  for  accurate  obser- 
vations. 

MIAMI  RIVER  AT  STEWART  STREET,   DAYTON 

Experiment  20  in  table  9  was  made  on  the  Miami  River  near  the 
south  limits  of  Dayton,  June  3,  1913,  when  the  stage  at  Main  Street 
was  about  2.4  feet.  The  stretch  in  which  the  measurements  were 
made  extends  about  1400  feet  upstream  and  about  2000  feet  down- 
stream from  the  Stewart  Street  bridge. 

By  referring  to  figure  21  it  will  be  noticed  that  the  flood  channel 
at  this  place  is  somewhat  crooked.  The  low  water  channel,  not  shown 
in  figure  21,  to  which  the  flow  was  confined  on  June  3,  1913,  is  con- 
siderably more  crooked  than  the  flood  channel,  since  it  winds  from 
side  to  side  through  the  larger  section.  The  resistance  to  flow  is  still 
further  increased  by  the  shifting  of  the  current  through  the  low  water 
section  as  well  as  by  the  irregularities  in  the  size  and  shape  of  the 
channel,  which  are  quite  pronounced  during  low  stages.  Table  13 
gives  the  hydraulic  elements  of  34  cross  sections  corresponding  to  the 
conditions  on  June  3,  1913.  These  sections,  which  were  utilized  in 
calculating  the  roughness  coefficients,  were  platted  at  100-foot  inter- 
vals throughout  the  stretch  in  which  the  measurements  were  made, 
taking  the  data  from  the  contour  maps  of  the  river  bed.  It  will  be 
noticed  that  there  are  considerable  variations  in  the  dififerent  quan- 
tities. 

At  the  time  the  measurements  were  made,  which  was  before  con- 
struction work  had  been  begun  on  the  Great  Miami  River  Improve- 
ment, the  channel  was  in  poor  condition.  The  edges  were  lined  with 
weeds  and  small  bushes  which  frequently  extended  some  distance 


CALCULATION  OF  FLOW  IN  OPEN  CHANNELS 


101 


into  the  water.  Among  these,  all  kinds  of  debris  had  collected. 
Household  goods  and  furniture,  junk  of  all  descriptions,  lumber,  and 
various  other  articles  which  had  been  brought  down  during  the  fall- 
ing stages  of  the  flood  of  March,  1913,  had  been  deposited  all  along 
the  channel. 

Table  13. — ^Hydnmlk  Elements  of  Cross  Sections^  Miami  River  at  Stewart  Street, 

Dayton,  ConditU>ns  on  June  3, 1913 


station 

Area 

Top  Width 

Wetted  Perimeter 

Hydraulic  Radius 

182 

Square  feet 

1180 

1260 

1420 

1120 

940 

760 

760 

660 

660 

740 

900 

940 

1000 

1080 

1140 

1020 

720 

740 

540 

780 

1200 

880 

800 

1100 

1080 

1140 

1200 

880 

1220 

1140 

1100 

980 

820 

660 

Feet 
370 
380 

370 
330 
300 
270 
280 
260 
225 
230 
260 
295 
305 
360 
425 
450 
325 
330 
330 
350 
380 
375 
280 
285 
270 
235 
225 
230 
250 
265 
270 
265 
235 
240 

Feet 
371 
381 

372 
331 
302 
271 
281 
261 
226 
231 
261 
296 
306 
361 
426 
451 
326 
331 
331 
351 
381 
376 
282 
286 
271 
237 
228 
232 
253 
266 
271 
266 
236 
242 

Feet 
3.2 

3.3 
3.8 
3.4 
3.1 
2.8 
2.7 
2.5 
2.9 
3.2 
3.5 
3.2 
3.3 
3.0 
2.7 
2.3 
2.2 
2.2 
1.6 
2.2 
3.2 
2.3 
2.8 
3.9 
4.0 
4.8 
5.3 
3.8 
4.8 
4.3 
4.1 
3.7 
3.5 
2.7 

183 

184 

185 

186 

187 

188 

189 

190 

191 

192 

193 

194 

195 

196 

*197 

198 

199 

200 

201 

202 

203 

204 

205 

206 

207 

208 

209 

210 

211 

212 

213 

214 

215 

182-215  inch. 

-"^    957 

301 

303 

3.24 

Current  meter  measurements  were  made  from  the  upstream  side 
of  the  Stewart  Street  bridge.  Readings  were  taken  by  the  two  point 
method  in  35  vertical  sections.  Elevations  of  the  water  surface  were 
secured  by  leveUng  at  the  time  the  velocity  observations  were  being 
taken,  19  points  being  located  along  the  right  edge  of  the  stream  and 
15  along  the  left  edge,  giving  a  total  of  34  elevations.    The  stage 

*  Stewart  Street. 
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remained  stationary  during  the  entire  time  in  which  the  observations 
were  taken. 

Inasmuch  as  there  were  no  particular  difficulties  connected  with 
the  investigations,  the  quantities  and  results  which  are  given  in  table 
9,  number  20,  are  probably  accurate  to  within  3  per  cent. 

MIAMI  RIVER  CUT-OFF  CHANNEL 

During  November  and  December,  1914,  an  excellent  opportunity 
to  determine  roughness  coefficients  under  unusual  conditions,  occurred 
in  connection  with  the  Great  Miami  River  Improvement  which  was 
being  constructed  below  the  Stewart  Street  bridge  in  Da3rton.  This 
improvement,  which  has  been  under  way  for  some  time,  will  finally 
consist  of  the  cutting  off  of  the  big  bend  just  below  Stewart  Street  by 
the  excavation  of  a  new  channel  about  600  feet  wide,  to  be  bounded 
on  the  sides  by  large  levees.  Since  the  construction  of  the  east  levee 
required  the  closing  of  the  old  channel  a  short  distance  below  the 
Stewart  Street  bridge  it  became  necessary  to  excavate  a  channel  across 
the  bend,  of  sufficient  size  to  carry  the  ordinary  flow  of  the  river.  It 
was  in  this  smaller  channel,  herein  designated  as  the  cut-off  channel, 
that  experiments  21  to  25  in  table  9  were  made.  The  general  loca- 
tion of  the  cut-off  channel  as  well  as  that  of  the  entire  improvement, 
is  shown  in  figure  21. 

The  cut-off  channel  consisted  of  two  rather  distinct  parts,  an  upper 
part  about  500  feet  long  and  practically  straight,  where  the  cross  sec* 
tion  was  comparatively  regular  and  where  the  wetted  perimeter  was 
made  up  entirely  of  gravel;  and  a  lower  part  about  250  feet  long, 
containing  a  sUght  curve,  where  the  cross  section  was  comparatively 
irregular  and  where  the  wetted  perimeter  was  made  up  mostly  of 
clay.  The  gravel  in  the  upper  part  seemed  to  erode  uniformly  at  all 
places  so  that  the  width  was  practically  constant  and  the  banks  quite 
regular.  The  clay,  in  the  lower  part  eroded  rather  unevenly,  so  that 
the  width  varied  considerably  and  the  banks  were  irregular. 

The  conditions  that  existed  in  the  cut-off  channel  early  in  Novem- 
ber, 1914,  are  shown  in  figures  29,  30,  and  31.  Figure  29  is  a  view 
of  the  upper  part  of  the  channel,  looking  upstream  from  a  place  on 
the  east  bank.  The  man  in  the  right  of  the  picture  is  standing  at 
about  the  lower  end  of  the  upper  part.  Figure  30  is  a  view  of  the 
channel  looking  upstream  from  a  place  on  the  west  bank  near  the 
lower  end  of  the  cut-off.  Note  the  irregularities  in  the  bank  at  the 
left  of  the  picture.  The  lower  part  of  the  cut-off  channel  begins 
where  the  material  which  forms  the  east  bank  changes  from  gravel 
to  clay,  shown  near  the  center  of  the  view.  Figure  31  shows  the  char- 
acter of  the  gravel  occurring  in  the  upper  part. 


ThiB  view  was  taken  looking  upstream  from  a  place  on  the  east  bank. 


FIG.  30.— VIEW  OF  THE  MIAMI  RIVER  CUT-OFF  CHANNEL  LOOKING 
UPSTREAM  FROM  A  PLACE  NEAR  THE  LOWER  END. 
Not«  the  iireKularitJe!!  in  the  edges  of  the  channel  where  the  banks  are  com- 
poeed  of  clay. 
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Experiments 

Experiments  were  made  on  November  4  and  10,  1914,  and  on 
December  8,  1914.  In  the  November  measurements  the  conditions 
were  the  same  as  those  depicted  in  figures  .29,  30,  and  31,  described 
above,  and  were  practically  the  same  on  the  two  dates.  The  surface 
slope  was  about  0.004  in  the  gravel  section  and  about  0.006  in  the 
clay  section  in  both  cases;  while  the  mean  velocity  was  about  5.5  feet 
per  second  in  both  sections  on  each  occasion.  Although  the  stage  at 
the  Main  Street  bridge  was  stationary  at  0.7  feet  on  both  dates,  the 
discharge  was  about  6.9  per  cent  greater  in  the  second  instance.  The 
hydraulic  elements  of  the  cross  sections  that  were  measured  on  No- 
vember 4  are  given  in  table  14,  in  order  to  set  forth  more  clearly  the 
conditions  at  the  time  the  first  two  experiments  were  made. 

Table  14. — ^Hydraulic  Elements  of  Cross  Sections,  Miaxni  River  Cut-off  Channel^ 

taken  November  4, 1914 


station 

ATM 

Top  Widtb 

Wetted  Perimeter 

Hsrdraulle  IUuUub 

1+40 

2+30 

3+20 

4+05 

4+70 

6+35 

5+85 

Square  feet 

72 
79 
85 
78 
78 
84 
86 

Feet 
47 

43 
43 
43 
47 
52 
55 

Feet 
47.4 
43.6 

44.0 
44.0 
47.6 
53.0 
56.5 

Feet 
1.52 
1.80 
1.93 

1.77 
1.64 
1.59 
1.52 

1+40  to  4+05 
4+70  to  5+85 

78.5 
82.7 

44.0 
51.3 

44.8 
52.4 

1.76 
1.58 

The  ordinary  low  water  conditions  that  existed  during  the  early 
part  of  November,  1914,  continued  throughout  the  month  and  until 
December  4.  At  this  time,  owing  to  rainy  weather,  the  water  began 
to  rise  slowly,  reaching  1.8  feet  on  the  gage  at  Main  Street  on  December 
5  and  2.4  on  December  6.  It  then  fell  slowly,  reaching  2.1  on  Decem- 
ber 8,  the  date  of  the  last  measurement. 

The  stage  in  the  cut-off  on  December  8  was  stationary,  and  was 
about  half  a  foot  higher  at  the  upper  end,  and  about  a  foot  and  a 
half  higher  at  the  lower  end,  than  it  was  during  the  earlier  measure- 
ments. The  surface  slope  was  about  half  that  on  the  earlier  measure- 
ment; while  the  discharge  was  about  four  times  as  great,  being  1685 
second  feet  as  against  429  and  458  during  the  November  observations. 
The  top  width  was  increased  from  about  50  feet  to  about  90  feet,  the 
mean  depth  from  about  2  feet  to  about  3  feet,  the  area  of  flow  section 
from  about  80  square  feet  to  about  276  square  feet,  and  the  velocity 
from  about  5}/^  feet  per  second  to  about  6  feet  per  second. 
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The  large  increase  in  area  of  flow  section  was  caused  primarily  by 
scour,  as  the  average  increase  in  stage  of  about  1  foot  over  the  original 
top  width  of  50  feet  would  have  added  but  50  square  feet  out  of  the 
total  increase  of  196.  The  greater  part  of  this  scour  occurred  along 
the  right  bank.  In  place  of  the  40-foot  berm  which  existed  along 
that  side  of  the  channel  during  the  first  observations,  see  figure  27, 
there  now  existed  a  part  of  the  channel  carrying  a  depth  of  from  3 
to  5  feet  of  water.  There  was  no  appreciable  lowering  of  the  bed  of 
the  original  channel. 

Table  15. — ^Hydraulic  Elements  of  Croes  Sections,  Miami  River  Cut-off  Channelt 

taken  December  8, 1914 


Statton 

Area 

Top  Width 

Welted  Fertmecer 

Hydranlie  BadiiM 

2+47 

3-fl2 

3+95 

4+44 

5+07 

Square  feet 
265 
265 
280 
281 
288 

Feet 

79 
86 
94 
98 
93 

Feet 
80.3 
86.9 

95.2 
98.2 
94.4 

Feet 
3.30 
3.05 

2.94 
2.86 
3.05 

2+47  to  5+07 

276 

90.0 

91.0 

3.04 

Table  15  gives  the  hydraulic  elements  of  5  cross  sections  that  were 
measured  on  December  8.  These  were  spaced  rather  irregularly  over 
a  total  length  of  about  260  feet,  extending  from  a  place  about  250 
feet  below  the  upper  end  of  the  cut-off  to  about  40  feet  below  the 
lower  end  of  the  gravel  section. 

Measurements  of  cross  section,  surface  slope,  and  discharge  were 
made  on  each  date.  The  cross  sections  were  taken  with  the  aid  of  a 
boat,  held  in  position  by  ropes  running  from  the  bow  to  men  on  the 
banks.  Depths  of  the  water  were  determined  at  about  4-foot  inter- 
vals along  the  cross  section,  by  taking  level  readings  on  the  bed  of 
the  stream  and  deducting  the  elevations  obtained  thereby  from  the 
elevation  of  the  water  surface.  Elevations  of  the  water  surface  were 
carefully  measured  by  repeated  observations  at  both  ends  of  each 
cross  section.  Horizontal  distances  were  measured  with  a  tape.  A 
total  of  9  cross  sections  were  measured  on  November  4,  a  total  of  11 
on  November  10,  and  a  total  of  5  on  December  8.  In  working  up 
the  data  obtained  on  the  first  two  dates,  however,  the  2  cross  sections 
taken  nearest  the  ends  of  the  cut-off  were  rejected  on  account  of  dis- 
turbing influences  at  the  inlet  and  outlet. 

The  surface  slope  was  determined  by  measuring  elevations  of  the 
water  surface  with  an  engineer's  level.  On  the  first  2  dates  points 
were  located  along  both  banks  at  intervals  of  about  50  feet.  On 
December  8  points  were  secured  at  intervals  of  about  25  feet  along 
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the  left  bank  only,  work  being  impracticable  along  the  right  bank  on 
account  of  the  swift  current  which  extended  to  the  foot  of  the  vertical 
bluff  from  whose  sides  large  masses  of  material  were  constantly  caving 
off.  In  calculating  the  friction  slope  for  the  experiment  of  Decem- 
ber 8,  it  was  necessary  to  allow  for  the  change  in  velocity  head. 

One  discharge  measurement  was  secured  on  November  4,  2  on 
November  10,  and  1  on  December  8.  The  2  gagings  of  November 
10  were  made  at  different  cross  sections  and  their  results  checked 
within  0.3  per  cent.  The  measurements  were  made  from  a  boat  in 
all  cases.  The  meter  was  suspended  several  feet  upstream  from  the 
prow  by  passing  the  cable  over  the  end  of  a  board  which  had  been 
fastened  to  the  boat  for  that  purpose.  In  the  measurements  of  No- 
vember 4,  readings  were  taken  by  the  two-point  method  in  4  vertical 
sections  and  by  the  six  tenths  depth  method  in  5;  in  the  first  gaging 
of  November  10^  readings  were  taken  by  the  two-point  method  in  8 
vertical  sections  and  by  the  six  tenths  depth  method  in  3;  in  the  sec- 
ond gaging  of  November  10,  readings  were  taken  by  the  two-point 
method  in  7  sections  and  by  the  six  tenths  depth  method  in  5;  and  in 
the  gaging  of  December  8,  readings  were  taken  by  the  two-point 
method  in  1  section  and  by  the  surface  method  in  10. 

Roughness  factors  were  calculated  for  the  upper  and  lower  parts 
of  the  cut-off  channel,  separately,  in  the  case  of  the  November  experi- 
ments; and  for  the  upper  part,  only,  in  the  case  of  the  December  ex- 
periment. The  data  and  results  corresponding  to  the  measurements 
of  November  4  are  given  under  numbers  21  and  24  in  table  9,  those 
corresponding  to  the  measurements  of  November  10  are  given  under 
numbers  22  and  25,  the  first  number  in  each  case  applying  to  the  upper 
part  of  the  cut-off  and  the  second  to  the  lower.  The  values  for  the 
measurements  of  December  8  are  given  under  number  23. 

Accuracy 

It  is  doubtful  if  the  discharge  is  in  error  more  than  2  per  cent  in 
either  of  the  November  experiments  or  more  than  4  per  cent  in  the 
December  experiment.  The  two  gagings  of  November  10  would  in- 
dicate that  the  discharge  of  that  date  was  not  more  than  1  per  cent 
in  error.  As  vertical  pulsations  in  the  water  surface  of  as  much  as 
0.10  of  a  foot  were  occurring  constantly  it  is  quite  possible  that  any 
individual  elevation  used  in  calculating  the  slope  may  be  in  error  as 
much  as  0.03  foot.  However,  since  the  slope  was  comparatively 
steep^and  since  it  was  determined  by  balancing  a  number  of  elevations, 
it  is  not  likely  that  the  calculated  value  is  in  error  more  than  1  per 
cent  in  any  case.  The  cross  sections  are  accurate  to  within  1  per 
cent. 
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Considering  the  tendency  of  the  discrepancies  to  balance  it  is 
doubtful  if  the  results  of  the  November  experiments  Are  in  error  more 
than  3  per  cent  or  those  of  the  December  experiment  more  than  4 
per  cent. 

MIAMI  RIVER  AT  HAMILTON 

The  measurements  that  furnished  the  data  for  experiments  26 
and  27  in  table  9,  were  made  on  the  Miami  River  at  Hamilton,  Janu- 
ary 3,  1916|  during  a  stationary  stage  of  13.4  feet.  Although  eleva- 
tions of  the  water  surface  were  obtained  in  a  total  length  of  about  a 
mile  and  a  half,  lying  near  the  center  of  the  city,  the  roughness  factor 
studies  were  confined  to  the  stretch  extending  from  about  half  a  mile 
above  the  High-Main  Street  bridge  to  about  a  quarter  of  a  mile  below 
the  C.  H.  &  D.  Railroad  bridge.  The  location  of  these  bridges,  as 
well  as  the  ahgnment  of  the  channel  within  this  stretch,  may  be  seen 
by  referring  to  figure  32. 

In  the  half  niile  length  above  the  High-Main  Street  bridge  the 
channel  is  straight,  the  cross  section  is  comparatively  regular  in  both 
shape  and  size,  and  there  are  no  unusual  conditions  that  tend  to  in- 
crease the  retarding  effects  on  the  flow.  Below  the  High-Main 
Street  bridge  the  conditions  are  somewhat  diffet^nt.  The  channel 
bends  to  the  right  near  the  railroad  bridgCi  the  cross  section  increases 
in  size,  the  width  becomes  greater,  and  the  hydraulic  radius  becomes 
less.  The.  conditions  are  somewhat  rougher  than  they  are  above  the 
bridge.  The  hydraulic  elements  of  the  cross  sections,  both  above 
and  below  the  High-Main  Street  bridge,  that  were  used  in  calculating 
the  roughness  coefficients  are  given  in  table  16.  These  cross  sections 
were  taken  from  the  contour  maps  of  the  river  bed  that  were  prepared 
a  short  time  before  the  experiments  were  made. 


Table  16. — ^HydnuUc  Elements  of  Cross  Sections, 

13.4  Feet 


River  at  Hamilton,  Stage 


station 

Area 

Top  Width 

Wetted  Perimeter 

Hydraulic  Radius 

18+35 

Square  feet 

7060 
7280 
7220 
6940 
7380 
7400 
8300 
7920 
8380 
8780 

Feet 
415 
515 
535 
495 
460 

570 
690 
705 
775 

Feet 
430 
523 

543 
503 
475 

580 
698 
711 
780 

Feet 
16.4 
13.9 
13.3 
13.8 
15.5 

14.3 
11.4 
11.8 
11.3 

23+50 

28+40 

33+40 

38+35 

•43+30 

48+30 

53+30 

58+35 

63+65 

18+35  to  38+36 
48+30  to  63+65 

7176 
8345 

484 
685 

495 
692 

14.5 
12.1 

High-Main  Street  Bridge. 
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FIG.  32.— MAP  OF  THE  CENTRAL  PART  OF  HAMILTON. 
This  figure  shows  the  aligiunent  of  the  river  ch&imel,  the  locations  of  the  bridges, 
and  other  features  pertinent  to  the  description  of  the  roughneee  factor  experiments 
made  at  this  place. 
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Throughout  the  entire  stretch  the  bed  of  the  stream  and  the  greater 
part  of  the  sides  of  the  channel  aiie  made  up  of  gravel;  sand,  and  clay 
in  various  combinations.  In  some  places  masonry  walls;  serving  as 
foundations  for  buildings  or  as  retaining  walls,  exist  along  the  edges 
of  the  channel.  In  other  places  the  banks  are  made  up  of  cinders 
which  have  been  dumped  along  the  stream  from  nearby  factories. 

Figures  33  to  36  illustrate  the  conditions  of  the  river  channel. 
Figure  33  is  a  view  looking  upstream  from  a  place  on  the  west  bank 
about  2000  feet  below  the  C.  H.  &  D.  Railroad  bridge,  shown  in  the 
center  of  the  picture,  taken  March  17,  1916,  when  the  stage  at  the 
High-Main  Street  gage  was  about  3.8  feet.  Back  of  the  C.  H.  &  D. 
Railroad  bridge  may  be  seen  the  concrete  arch  bridge  which  connects 
High  and  Main  Streets.  The  center  of  the  view  shows  the  conditions 
existing  in  the  lower  part  of  the  stretch  for  which  the  roughness  factor 
studies  were  made.  Figure  34  is  a  view  looking  downstream  along 
the  east  edge  of  the  channel  from  the  east  end  of  the  High-Main 
Street  bridge,  taken  on  the  same  date.  The  arrow  point  on  the  build- 
ing in  the  center  of  the  picture  indicates  the  height  of  the  water  surface 
when  the  experiments  were  made.  Figure  35  is  a  view  looking  up-- 
stream along  the  east -bank  of  the  channel,  taken  from  the  same  place 
as  figure  34  and  at  the  same  time.  The  arrow  point  again  indicates 
the  stage  on  January  3,  1916.  Figure  36  is  a  view  of  the  river  channel 
looking  downstream  from  the  center  of  the  Black  Street  bridge,  April 
18,  1917,  when  the  stage  was  about  3.5  feet. 

Discharge  measurements  were  made  from  the  downstream  side  of 
the  High-Main  Street  bridge.  Readings  were  taken  by  the  surface 
method  in  25  vertical  sections  and  by  the  six  tenths  depth  method  in 
3.  Elevations  of  the  water  were  obtained  at  frequent  intervals  along 
both  edges  of  the  water  by  driving  stakes  flush  with  the  surface.  A 
total  of  20  were  located  in  the  stretch  for  which  the  roughness  coef- 
ficient studies  were  made,  10  being  secured  on  each  side. 

Number  26  in  table  9  gives  the  quantities  and  results  applying  to 
the  length  above  the  High-Main  Street  bridge  while  number  27  gives 
those  applying  to  the  length  below  the  bridge.  They  are  probably 
not  in  error  more  than  4  per  cent. 

BOGUE  PHALIA  RIVER  IN  MISSISSIPPI 

Experiments  28  to  34  in  table  9  were  made  on  the  Bogue  Phialia 
River  in  Washington  County,  Mississippi,  during  the  high  water  of 
April  6-9,  1914.  The  Bogue  PhaUa  is  a  typical  southern  swamp 
stream,  having  a  slope  of  only  an  inch  or  so  per  mile,  sometimes  even 
flatter  than  this.    It  rises  in  Bolivar  County,  Mississippi,  and  winds 


FIG.  33.— VreW  UKIKING  UP  TUK  MIAMI  RIVER  AT  HAMILTON. 
This  view  wiw  Iftkpn  from  a  pur's  on  the  weat  bank  about  2000  feet  beiow  the 
C.  H.  A  D.  llailm.-ul  briilRi-,  Marrh  17,  1916. 


Fia  34.— VIEW  I/)OKIXO  DOWN  THE  E.\ST  BANK  OF  THE  MIAMI 
HIVKR  AT  HAMILTON. 
This  view  was  taken  from  the  east  end  of  the  High-Main  Street  bridge,  Mareh 
17,  1916.    The  arrow  point  indieateB  the  height  of  the  walcr  at  the  lime  the  experi- 
ments were  made. 


This  view  was  taken  from  the  east  end  of  the  High-Main  Street  bridge,  March 
17,  1916.  The  arrow  point  near  the  center  of  the  picture  indicates  the  height  of  the 
water  at  the  time  the  experimenta  were  made. 


FIG.  36.— VIEW  LOOKING  DOWN  THE  MIAMI  RIVER  AT  HAMILTON. 
This  view  was  taken  from  the  Black  Street  bridge,  April  18,  1917,  when  the 
stage  was  aboul  3.5  feet. 
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first  southerly  and  then  easterly  through  the  northern  part  of  W^wh- 
ington  County,  finally  emptying  into  the  Sunflower  River  a  short  dis- 
tance below  the  south  line  of  Sunflower  County. 

The  stretch  chosen  for  the  investigations  lies  a  few  miles  east  of 
Leland,  extending  about  a  mile  upstream  and  about  half  a  mile  down- 
stream from  the  Y.  &,  M.  V.  Railroad  crossing.  At  this  place  the 
channel  is  fairly  uniform  in  cross  section  and  practically  straight. 
The  ordinary  low  water  stage  is  about  98.5  feet  and  the  high  water 
stage  about  115.  Between  these  elevations  the  banks  are  covered 
with  a  thick  growth  of  brush  and  timber.  The  channel  is  further 
obstructed  by  occasional  logs  and  debris  jams,  which,  however,  do  not 
extend  greatly  above  low  water  level.  Figure  37,  a  typical  view 
along  the  channel  at  this  place  taken  at  the  time  the  measurements 
were  made,  shows  the  fringes  of  trees  and  bushes  that  line  the  banks. 
The  wetted  perimeter  was  made  up  entirely  of  fine  clay  and  silt. 

Sixteen  vertical  staff  gages  were  installed  along  the  channel  at 
intervals  of  500  feet,  for  use  in  determining  the  surface  slope.  An 
accurate  cross  section  of  the  channel,  for  use  in  calculating  the  aver- 
age area  and  hydraulic  radius,  was  secured  at  each  gage.  Elevations 
of  the  zeros  of  the  gages  were  determined  to  thousandths  of  a  foot 
by  three  independent  level  lines. 

Discharge  measurements  were  made  from  a  boat,  at  a  section 
near  the  Y.  &,  M.  V.  Railroad  bridge.  Readings  were  taken  by  the 
tworpoint  method  at  about  25  vertical  sections.  Seven  complete 
sets  of  current  meter  observations  were  secured,  1  on  April  6,  2  on 
April  7,  1  on  April  8,  and  3  on  April  9.  Gages  were  read  twice  on 
April  7,  and  three  times  each  on  April  8  and  9.  In  addition  several 
special  observations  were  made  on  the  gage  where  the  current  meter 
gagings  were  taken. 

In  calculating  the  friction  slopes  for  the  various  discharge  meas- 
urements, hydrographs  were  platted  for  each  gage.  From  these  hy- 
drographs,  profiles  of  the  water  surface  were  next  plotted  for  the  exact 
mean  times  corresponding  to  the  different  current  meter  gagings. 
Values  of  the  slopes  were  then  obtained  by  balancing  the  points  on 
the  profiles  by  straight  lines,  there  being  no  indication  in  any  case 
of  a  break  in  slope  within  the  stretch  under  consideration. 

Table  17  gives  the  hydraulic  elements  of  the  cross  sections,  cor- 
responding to  the  stage  of  114  feet  which  occurred  on  April  6.  Areas 
and  top  widths  of  the  total  cross  sections  are  included  although  the 
net  sections  between  the  trees  were  used  in  calculating  the  final  re- 
sults. The  areas  of  the  total  cross  sections  are  seen  to  vary  from  a 
minimum  of  3760  square  feet  at  section  14,  about  79  per  cent  of  the 
average  value,  to  a  maximum  of  6030  square  feet  at  section  7,  about 
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127.  per  cent  of  the  average.  Section  10,  where  the  current  meter 
measurements  were  made,  is  about  10  per  cent  larger  than  the  aver- 
age. The  variations  in  the  areas  of  the  net  cross  sections  are  practi- 
cally the  same.  The  average  area  of  the  net  cross  section  between 
the  trees  is  about  90.5  per  cent  of  the  average  total  section.  Although 
the  hydraulic  radii  vary  in  a  slightly  more  irregular  manner  than  the 
areas,  the  total  range  in  variation  is  only  from  about  90  to  about  111 
per  cent  of  the  average. 

Table  17. — Hydraulic  Elements  of  Cross  Sections,  Bogue  Phalia  River  in  Mississipiii, 

Stage  114  Feet 


Croai  Section 

Total  Section 

Net  Section 

Top  Wldtb 

Area 

Area 

Top  Wldtti 

Wetted 
Perimeter 

Hydraulle 
Radius 

0 

1 

2.. 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

Feet 

209 
223 
218 
248 
250 
235 
254 
278 
240 
263 
251 
224 
186 
198 
182 
208 

Square  feet 

4951 
4230 
4500 
4919 
4643 
4714 
5270 
6027 
5170 
5627 
5206 
4625 
4411 
3982 
3756 
4021 

Square  feet 
4525 
3805 
3925 
4415 
4160 
4350 
4935 
5490 
4620 
5310 
4570 
4325 
3935 
3405 
3510 
3490 

Feet 
164 
160 
155 

177 
176 
188 
215 
211 
172 
216 
184 
181 
134 
136 
148 
155 

Feet 
201 
196 
190 
212 
211 
222 
249 
245 
207 
250 
218 
215 
172 
170 
183 
189 

Feet 
22.5 
19.4 
20.7 
20.8 
19.7 
19.6 
19.8 
22.4 
22.3 
21.2 
21.0 
20.1 
22.9 
20.0 
19.2 
18.5 

Oto  15.  .  . 

229 

4763 

4300 

173 

208 

20.7 

The  quantities  and  results  corresponding  to  the  7  gagings  are 
given  in  table  9  under  numbers  28  to  34  inclusive.  It  will  be  noticed 
that  in  the  decrease  in  stage  from  114.00  feet  to  111.40^  the  discharge 
decreased  about  50  per  cent,  the  area  about  10  per  cent,  the  velocity 
about  45  per  cent,  the  hydraulic  radius  about  10  per  cent,  while  the 
wetted  perimeter  remained  nearly  constant.  The  surface  slope  pre- 
sents the  interesting  phenomenon  of  increasing  about  70  per  cent  with 
the  falling  stage,  a  condition  probably  due  to  the  existence  of  a  narrow 
gorge  a  few  miles  below.  The  slope  within  this  gorge  evidently  de- 
creased so  rapidly  with  the  decreasing  discharge  that  it  caused  the 
above  noted  increase  in  slope  in  the  pool  above.  The  changes  in  i2, 
S,  and  V,  caused  a  decrease  of  about  57  per  cent  in  the  Chezy  coef- 
ficient C  and  an  increase  of  about  127  per  cent  in  Kutter's  n,  the  values 
for  the  latter  ranging  from  0.044  to  0.100. 


FIG.    37.— TYPICAL   VIEW    ALONG   THE    BOGUE   PHALIA    RIVER    IN 
WASHINGTON  COUNTY,   MISSISSIPPI. 
This  view  was  titken  during  the  high  water  of  April,  1914. 
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Although  these  results  seem  rather  unusual  it  is  not  likely  that 
they  are  greatly  in  error.  The  elements  of  the  average  cross  section 
are  accurate  to  within  1  per  cent.  The  discharge  measurements 
might  possibly  contain  an  error  of  as  much  as  10  per  cent  in  certain 
cases,  since  the  average  velocity  at  the  gaging  section  was  quite  low, 
varying  from  0.703  feet  per  second  in  number  28  to  0.394  feet  per 
second  in  number  34.  The  values  of  the  slope  are  the  most  imcertain 
as  the  average  total  fall  was  only  about  0.04  of  a  foot.  But  even  here 
the  errors  are  probably  not  great  enough  to  vitiate  the  conclusions. 
Considering  that  the  discrepancies  in  reading  the  gages  were  averaged 
at  each  gage  by  platting  hydrographs  and  that  the  errors  in  estab- 
lishing the  gages  were  averaged  on  the  profiles  it  is  doubtful  if  the 
total  fall  is  in  error  more  than  20  per  cent  in  any  case,  a  discrepancy 
that  would  cause  an  error  of  only  about  10  per  cent  in  the  roughness 
factor  n.  In  view  of  the  tendency  for  the  various  errors  to  balance 
it  is  doubtful  if  any  one  of  the  .results  is  in  error  more  than  15  per 
Icent. 

IflAMI  AND  ERIE  CANAL,  DATTON 

Experiments  35,  36,  and  37,  were  made  on  the  Miami  and  Erie 
Canal  at  Dayton,  on  August  27,  October  6,  and  November  14,  1914, 
respectively.  The  Miami  and  Erie  Canal  connects  the  Ohio  River  at 
Cincinnati  with  Lake  Erie  at  Toledo,  following  for  the  greater  part 
of  its  location,  the  valleys  of  the  Miami  and  Maumee  Rivers.  During 
the  last  few  years  the  principal  use  to  which  it  has  been  subjected  has 
been  to  carry  water  to  manufacturing  plants.  Where  it  has  been  used 
for  this  purpose,  as  at  Dayton,  it  has  been  maintained  in  fair  con- 
dition. 

The  experiments  were  made  in  the  straight  stretch,  about  half  a 
mile  in  length,  lying  between  Jefferson  and  Ludlow  Streets,  where 
the  slope  is  about  half  a  foot  per  mile  and  where  the  section  is  about 
50  feet  wide  and  about  3  feet  deep.  The  location  may  be  seen 
by  referring  to  figure  21,  page  92.  It  will  be  noticed  that  there  are 
two  bridges  within  this  length,  one  at  Warren  Street  and  one  at  Main 
Street;  also  that  there  is  a  bridge  at  Jefferson  Street,  the  upper  end 
of  the  stretch.  However,  no  contraction  exists  at  any  one  of  these. 
The  discharge  varies  from  about  100  to  about  150  second  feet. 

While  the  channel  appears  uniform  a  detailed  investigation  shows 
that  of  19  cross  sections  taken  at  intervals  of  about  100  feet,  the  vari- 
ation in  area  from  the  average  exceeded  25  per  cent  in  2  cases,  10 
per  cent  in  6  cases,  and  5  per  cent  in  11  cases.  Although  the  width 
of  the  channel  is  practically  constant,  the  shape  of  the  cross  section 
varies  greatly  and  the  bed  is  full  of  small  irregularities.    Table  18 
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gives  the  hydraulic  elements  of  the  cross  sections,  for  the  water  sur- 
face elevations  that  existed  on  July  22,  1914,  the  date  on  which  the 
sections  were  measured. 

Table  18. — ^Hydraulic  Elements  of  Cross  Sections,  Miami  and  Erie  Canal  in  Dayton 


fleetloQ 

Area 

Top  Wldtli 

Wetted  PeriOMter 

HydiauUe  Radlue 

1 

Square  feet 
121.6 
143.2 
154.2 
168.5 
156.3 
154.3 
166.8 
157.1 
173.6 
184.3 
138.8 
162.5 
171.0 
168.0 
167.7 
172.0 
174.7 
207.2 
183.0 

Feet 
48 
50 
51 
53 
51 
51 
51 
49 
52 
52 
45 
49 
50 
50 
48 
48 
48 
47 
56 

Feet 
49 
51 
53 
55 
52 
51.5 
52 
49.5 
52.5 
52.5 
46 
50 
51  - 
50.5 
48.5 
50 
48.5 
48.5 
57 

Feet 
2.48 
2.81 
2.91 
3.06 
3.00 
3.00 
3.21 
3.17 
3.31 
3.51 
3.02 
3.25 
3.35 
3.33 
3.46 
3.44 
3.60 
4.27 
3.21 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

1-19  incl 

164.5 

49.9 

51.0 

3.23 

The  material  forming  the  bed  consists,  chiefly,  of  a  fine  slimy  silt, 
although  a  cemented  gravel  was  encountered  in  a  few  places.  During 
the  summer  a  thick  growth  of  grass  and  weeds  develops  along  the  edges 
and  bottom  of  the  channel,  which,  if  not  cleaned  out  about  once  each 
month,  interferes  seriously  with  the  flow.  Figures  38  and  39  are 
typical  views  of  this  stretch  taken  in  October,  1916.  Figure  38  is  a 
view  looking  upstream  from  the  Warren  Street  bridge.  The  north 
end  of  the  Jefferson  Street  bridge  appears  near  the  center  of  the  pic- 
ture. Figure  39  is  a  view  of  the  Warren  Street  bridge  taken  from  a 
place  on  the  south  bank  about  100  feet  below. 

On  August  27,  the  date  of  the  first  measurements,  the  channel 
was  in  ordinary  midsummer  conditions.  Although  the  vegetation  had 
been  partially  cleaned  out  earUer  in  the  month,  large  bunches  of  weeds 
and  grass  covered  the  banks  and  bottom  in  such  numbers  as  to  seri- 
ously retard  the  velocity.  Just  before  the  second  set  of  measurements 
was  taken  all  vegetation  was  carefully  removed  from  the  sides  and 
bottom  of  the  channel  for  a  length  of  about  50  feet  above  the  Warren 
Street  bridge,  the  section  where  the  current  meter  observations  were 
secured,  and  the  grass  and  weeds  were  cut  along  the  edges  of  the  chan- 
nel throughout  the  entire  stretch.     Rubbish  that  had  been  thrown 
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along  the  edges  was  also  removed.  During  the  last  week  in  October 
and  the  first  week  in  November,  just  before  the  third  set  of  measure- 
ments was  secured,  the  entire  stretch  was  thoroughly  cleaned.  All 
grass,  weeds,  and  debris  was  removed  from  the  bottom  as  well  as  the 
edges.  The  material  was  collected  by  means  of  long  handled  garden 
rakes,  used  by  men  in  a  boat,  and  was  deposited  on  the  banks  entirely 
outside  of  the  channel. 

Twelve  gages  were  established  along  the  edges  of  the  canal  for 
use  in  measuring  the  surface  slope,  their  elevations  being  determined 
to  the  nearest  thousandth  of  a  foot  by  four  separate  level  lines.  Cur- 
rent meter  observations  and  gage  readings  were  taken  simultaneously 
in  each  of  the  three  experiments.  Velocity  measurements  were  made 
by  the  two-point  method  in  10  vertical  sections.  Two  readings,  cover- 
ing periods  of  at  least  70  seconds  each,  were  taken  at  both  depths  in 
all  verticals.  Elevations  of  the  water  surface  were  determined  to  the 
nearest  0.005  of  a  foot  at  all  of  the  gages,  two  readings  being  taken 
at  each  gage. 

The  observations  of  stage  and  velocity  occupied  about  two  hours. 
It  was  found  in  the  first  two  experiments  that  the  water  rose  about  an 
inch  while  the  work  was  in  progress.  Although  it  did  not  seem  prob- 
able that  the  slope  determined  by  balancing  the  elevations  would  be 
much  in  error,  there  being  two  readings  at  each  ga^,  the  rise  was  so 
great  in  proportion  to  the  total  fall  in  the  length  investigated,  about 
40  per  cent,  that  it  appeared  advisable  in  the  third  set  of  observations 
to  station  a  man  at  each  end  of  the  section  and  one  in  the  middle,  so 
that  simultaneous  readings  at  three  points  could  be  secured.  The 
work  was  also  begun  later  in  the  day  and  in  this  case  the  rise  was 
only  about  a  quarter  of  an  inch,  about  10  per  cent  of  the  total  fall, 
while  the  simultaneous  gage  readings  determined  the  slope  beyond 
question. 

The  quantities  and  results  corresponding  to  the  three  experiments 
are  given  in  table  9,  under  numbers  35,  36,  and  37.  Although  it  was 
difficult  to  determine  the  surface  slope  accurately,  it  is  not  believed 
that  the  results  are  more  than  4  per  cent  in  error. 

ST.  FRANCIS  RIVER  IN  ARKANSAS 

Experiments  38  and  39  were  made  on  the  St.  Francis  River  in 

Poinsett  County,  Arkansas,  in  July,  1910.    The  St.  Francis  River  is 

a  rather  irregular  sluggish  stream  having  an  average  fall  of  about  half 

a  foot  per  mile.    It  rises  in  southeastern  Missouri,  flows  nearly  due 

south  through  the  eastern  part  of  Arkansas,  and  empties  into  the 

Mississippi  River  a  few  miles  above  Helena.    A  stretch  about  four 

miles  long  was  chosen  for  the  investigations,  beginning  at  the  St.  L. 
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&  S.  F.  Railtoad  bridge  about  a  quarter  of  a  mile  above  Marked  Tree, 
extending  around  a  long  bend,  and  ending  about  a  mile  south  of  the 
town.  About  50  per  cent  of  the  right  bank,  and  about  70  per  cent 
of  the  left  bank,  is  covered  with  brush  and  trees,  growing  from  5  to 
40  feet  out  into  the  water.  The  river  was  stationary  and  about  half 
bank  full  at  the  time  the  observations  were  made.  The  gage  height 
varied  less  than  a  hundredth  of  a  foot  during  the  entire  time. 

Five  cross  sections  were  measured  for  use  in  calculating  the  aver- 
age area  and  hydrauUc  radius.  The  hydrauUc  elements  of  these  are 
given  in  table  19,  the  quantities  corresponding  to  the  net  cross  section 

Table  19. — ^HydnttUc  Elements  of  Cross  Sections,  St  Ftands  River  Near  Marked 

Tree,  Arkansas 


Section 

Total  SeotioQ 

Net  Beotlon 

Am 

Wetted 
Perimeter 

HydnuiUo 
Radius 

Area 

Wetted 
^cflmetcr 

HTdrauIle 
Radius 

1 

2 

3 

4 

5 

Square  feet 
2589 
2096 
2196 
2060 
2721 

Feet 
264 
234 
238 
280 
293 

Feet 
9.8 
9.0 
9.2 

7.3 
9.3 

Square  feet 

2523 
2096 
2196 
2060 
2532 

Feet 
252 
234 
238 
280 
244 

Feet 
10.0 
9.0 
9.2 
7.3 
10.4 

1^ 

2332 

262 

8.90 

2281 

250 

9.13 

between  the  trees  being  included  as  well  as  those  pertaining  to  the 
total  section.  Section  1  was  located  about  2900  feet  below  the  rail- 
road. The  left  bank  was  free  from  vegetation,  but  trees  extended 
into  the  river  for  33  feet  from  the  right  bank.  Section  2  was  located 
about  9100  feet  below  the  railroad,  in  a  sharp  bend  where  there  was 
no  vegetation  at  all  on  the  banks.  Section  3  was  taken  about  12,500 
feet  below  the  railroad  in  a  slight  bend  in  the  channel.  The  left 
bank  was  fringed  with  brush  that  extended  only  sUghtly  into  the 
water.  Section  4  was  taken  about  17,300  feet  below  the  railroad  at 
the  lower  end  of  a  bend  which  exists  just  below  an  island  and  highway 
bridge.  Section  5  was  located  near  the  lower  end  of  the  stretch  where 
both  banks  were  covered  with  bushes,  the  right  for  10  feet,  and  the 
left  for  60  feet. 

The  variation  in  sectional  area  given  in  table  19,  of  from  2060  to 
2720  square  feet,  probably  does  not  represent  the  total  irregularity  of 
the  channel.  Moreover  the  thread  of  the  channel  passes  back  and 
forth  across  the  river  bed,  and  the  shape  of  the  bed  frequently  changes, 
thus  necessitating  repeated  readjustments  of  the  current. 

The  disturbance  of  flow  due  to  the  semicircular  bend  upon  which 
section  2  was  located  was  so  slight  as  to  be  scarcely  appreciable,  and 
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could  not  be  detenmsed  without  very  careful  observation.  Two 
tests  were  made  to  determine  whether  or  not  there  was  any  difference 
in  the  elevation  of  the  water  surface  on  the  opposite  sides  of  the  bends. 
At  a  place  about  700  feet  above  section  2,  where  the  curvature  was 
fairly  sharp,  a  difference  of  0.063  feet  was  measured;  while  at  section 
3,  where  the  curvature  was  not  so  sharp,  a  difference  of  only  0.01  of 
a  foot  was  obtained.  The  island  and  highway  bridge  just  above  sec- 
tion 4  constitute  the  principal  obstruction  in  this  stretch.  The  island 
is  about  75  feet  across  in  the  widest  part,  and  about  400  feet  long. 
The  bridge  contains  two  circular  iron  piers  in  the  main  channel.  At 
the  time  the  measurements  were  made  a  small  pile  of  logs  and  brush 
had  gathered  at  the  upper  end  of  the  island.  The  extra  head  required 
to  force  the  water  past  the  island  and  the  bridge  was  about  one  tenth 
of  a  foot. 

One  set  of  discharge  measurements  was  taken  at  each  cross  sec- 
tion, giving  5  gagings  in  all.  Readings  were  taken  by  the  two  point 
method  in  vertical  sections  spaced  10  feet  apart.  The  true  discharge 
was  assumed  to  be  the  average  of  the  5  independent  results.  Eleva- 
tions of  the  water  surface,  for  use  in  calculating  the  slope,  were  ob- 
tained at  about  32  points,  by  driving  stakes  flush  with  the  surface 
and  then  determining  their  elevations  by  leveling. 

The  quantities  and  results  calculated  for  the  total  cross  section 
are  given  in  table  9  under  number  38  while  those  corresponding  to 
the  net  section  are  given  under  number  39.  The  results  are  believed 
to.  be  accurate  to  within  about  5  per  cent. 

DITCH    NO.    1,    MISSISSIPPI    COUNTY,   ARKANSAS 

Experiments  40,  41,  and  42  were  made  on  Ditch  Number  1  in 
Mississippi  County,  Arkansas,  February  17, 1915.  The  stretch  chosen 
for  the  investigations  is  about  half  a  mile  in  length,  is  free  from  curv- 
ature, has  a  comparatively  uniform  cross  section,  and  was  excavated 
by  means  of  a  floating  dipper  dredge.  The  material  excavated  was 
a  stickygumbo  clay. 

Table  20  gives  the  hydrauUc  elements  of  the  13  cross  sections  that 
were  measured  at  intervals  of  about  200  feet  for  use  in  calculating 
the  average  area  and  hydrauUc  radius.  Although  these  sections  were 
taken  on  February  26,  the  quantities  have  been  corrected  so  as  to 
correspond  to  the  conditions  that  existed  at  the  time  experiment  num- 
ber 40  was  made.  The  areas  of  the  individual  cross  sections  are  seen 
to  vary  from  about  6  per  cent  below  the  mean  to  about  13  per  cent 
above,  and  tlie  hydraulic  radii  are  seen  to  vary  from  about  10  per 
cent  below  the  mean  to  about  9  per  cent  above. 
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TaUe  ZC-^Hydnralic  Elements  of  Cross  Sections,  IHtch  No*  1,  Mississippi  Covntyy 

Arkansas,  February  17, 1915 


SUlion 

Area              |         Top  WldtH 

Wetted  Pcrtmeter 

Hydraulic  Radius 

0 

Square  feet 
442 
434 
440 
436 
430 
452 
446 
467 
512 
484 
455 
470 
427 

P^et 

61 
60 
60 
57 
54 
51 
54 
53 
60 
57 
50 
54 
47 

Feet 

66 
65 
66 
62 
60 
59 
60 
60 
66 
63 
56 
59 
53 

Feet 

6.70 
6.67 
6.67 
7.03 
7.17 
7.65 
7.43 
7.78 
7.75 
7.68 
8.12 
7.96 
8.06 

1+80 

4 

6 

8 

10 

11+88 

14 

16           

18 

20 

22 

24 

Average 

453 

55 

61 

7.44 

Twelve  gages  were  installed  for  use  in  determining  the  surface 
slope.  These  were  located  at  intervals  of  about  200  feet  and  were 
read  twice  on  February  17,  the  date  on  which  the  experiments  were 
made.  The  surface  was  rising  very  slowly,  being  about  0.09  foot 
higher  in  the  afternoon  when  experiment  42  was  taken  than  it  was 
earUer  in  the  day  when  experiment  40  was  secured.  This  variation 
in  stage  was  allowed  for  in  calculating  the  slope.  Three  sets  of  cur- 
rent meter  measurements  were  made  from  a  boat,  observations  being 
taken  by  the  two-point  method  in  a  number  of  vertical  sections. 

The  quantities  and  results  given  in  table  9  are  not  beUeved  to  be 
greatly  in  error.  The  cross  sectional  elements  are  undoubtedly  ac- 
curate to  within  1  per  cent.  The  discharge  could  hardly  be  in  error 
more  than  2  per  cent.  The  surface  slope,  which  was  the  most  diffi- 
cult to  determine  accurately  on  account  of  its  small  value,  probably 
is  not  more  than  6  per  cent  in  error.  Considering  the  tendency  for 
the  various  discrepancies  to  balance  it  is  doubtful  if  the  roughness 
coefficients  are  in  error  more  than  4  per  cent. 


DITCH  NO.  40,  MISSISSIPPI  COUNTY,  ARKANSAS 

Experiments  43,  44,  and  45  were  made  February  2  and  3,  1915, 
on  Ditch  Number  40,  in  Mississippi  County,  Arkansas.  The  con- 
ditions were  very  similar  to  those  existing  on  Ditch  Number  1.  The 
stretch  chosen  for  the  investigations  was  of  about  the  same  length 
and  was  free  from  bends;  while  the  cross  section  had  been  excavated 
by  a  floating  dipper  dredge.  The  material  consisted  of  clay  but  was 
slightly  looser  than  that  found  on  Ditch  Number  1. 
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Table  21  gives  the  hydraulic  elements  of  the  12  cross  sections  that 
were  measured  at  intervals  of  about  200  feet  for  use  in  computing  the 
average  area  and  hydraulic  radius.  Although  these  sections  were 
taken  on  February  20,  the  quantities  have  been  adjusted  so  as  to  cor- 
respond to  the  conditions  that  existed  at  the  time  experiment  45  was 
made.  The  areas  are  seen  to  vary  in  size  from  about  14  per  cent 
below  the  mean  to  about  13  per  cent  above,  and  the  hydraulic  radii 
are  seen  to  vary  from  about  10  per  cent  below  the  mean  to  about  10 
per  cent  above. 


Table  21. — ^Hydraulic  Elements  of  Cross  SectionSi  Ditch  No.  40, 

Arkansasy  Febmaiy  3, 1917 


Cotmtyf 


Staaon 

Area 

Top  Width 

Wetted  Pcrtmeter 

HTdnnllc  Radloe 

0 

Square  feet 

532 
530 
610 
554 
566 
591 
665 
633 
590 
603 
669 
647 

Feet 
78 

73 

74 
76 
76 
71 
80 
78 
75 
71 
76 
78 

Feet 

81 

76 

77 
79 
78 
77 
86 
84 
82 
78 
82 
84 

Feet 
6.56 
6.97 

6.62 
7.01 
7.26 
7.68 
7.74 
7.54 
7.20 
7.73 
8.16 
7.70 

2 

4 

6 

8 

10 

12 

14 

16 

18 

20 

22 

Average 

591 

75 

80.4 

7.35 

Twelve  gages  were  estabUshed  at  intervals  of  about  200  feet  for 
use  in  determining  the  surface  slope.  Three  readings  were  taken  at 
each,  one  set  on  February  2  and  two  sets  on  February  3.  The  water 
was  falhng  at  a  uniform  rate  of  about  0.056  feet  per  hour,  the  surface 
being  about  a  foot  lower  on  February  3,  when  experiments  44  and  45 
were  taken,  than  it  was  on  February  2  when  experiment  43  was  made. 
This  variation  in  stage  was  allowed  for  in  calculating  the  values  of 
the  slope  corresponding  to  the  various  gagings.  Three  sets  of  cur- 
rent meter  readings  were  taken,  one  on  February  2  and  two  on  Feb- 
ruary 3.  Observations  were  taken  by  the  two-point  method  in  a  num- 
ber of  vertical  sections. 

Since  the  conditions  and  methods  of  measurement  for  these  ex- 
periments were  essentially  the  same  as  those  for  the  experiments  on 
Ditch  Number  1,  the  results  given  in  table  9  probably  possess  the  same 
limits  of  accuracy. 

OHIO  RIVER  AT  CINCINNATI 

Experiment  46  was  made  on  the  Ohio  River  at  Cincinnati,  April 
2,  1915.    The  section  in  which  the  investigations  were  made  lies  be- 
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tween  the  Western  Pumping  Station,  near  the  east  edge  of  Cincinnati^ 
and  the  U.  S.  Weather  Bureau  gage  at  the  foot  of  Broad  way,  just 
above  the  mouth  of  Licking  River.  The  sketch  map  in  figure  40 
shows  the  location,  alignment  of  the  channel,  cross  sections,  gages, 
and  other  pertinent  features.  It  will  be  noticed  that  this  stretch  is 
about  three  miles  long,  that  it  begins  at  about  the  center  of  a  rather 


WEST  CRN  PUMPWB 
STATtON 


,C0VIN6T0N  \V* 

FIG.  40.— MAP  SHOWING  THE  OHIO  RIVER  AT  CINCINNATI. 

The  locations  of  the  bridges,  the  gages  used  in  determining  the  slope,  and 
other  features  pertinent  to  the  discussion  of  the  roughness  factor  experiments  made 
at  this  place  are  shown. 

long  bend,  and  that  there  are  two  bridges  near  the  lower  end.  How- 
ever, since  comparatively  low  water  conditions  existed  at  the  time  the 
measurements  were  made,  the  stage  at  Broadway  being  only  about 
13.2  feet,  neither  the  bend  nor  the  bridges  had  any  appreciable  re- 
tarding effect  on  the  flow. 

Table  22  gives  the  hydraulic  elements  of  the  cross  sections  that 
were  used  in  calculating  the  average  area  and  radius.  Although  these 
were  obtained  from  the  river  surveys  of  the  U.  S.  Army  engineers, 
which  had  been  made  a  few  years  before,  the  fact  that  no  important 
phanges  had  occurred  since  they  were  taken  was  established  by  num- 
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erous  soundings  made  by  the  investigators  at  the  time  the  experi- 
ments were  made.  The  maximum  variation  in  area  is  seen  to  be 
from  about  15  per  cent  below  the  average  to  about  14  per  cent  above; 
and  the  maximum  variation  in  hydraulic  radius  is  seen  to  be  from 
about  23  per  cent  below  the  average  to  about  33  per  cent  above. 

TaUe  22.--H7dniiilic  Blementi  of  Cross  Sectlonsy  Oliio  River  at  CindmuUly  Stage 

13.2  Feet 


SUttOA 

Are* 

Top  Width 

lUdSue 

12+40 

Square  feel 

15,140 
14,240 
16,400 
19,240 
17,920 
18,600 
16,540 
15,780 
16,100 
17,280 
16,820 
16,560 
18,200 
16,340 

Feet 
1400 
1245 
1120 
1030 
1070 
1065 
1225 
1310 
1280 
1350 
1170 
1185 
1280 
1250 

Feet 

10.8 
11.4 
14.6 
18.6 
16.7 
17.4 
13.5 
12.0 
12.6 
12.8 
14.3 
14.0 
14.2 
13.0 

21+70 

31+10 

45+40 

58+50 

72+30 

85+50 

94+20 

104+80 

112+80 

123+80 

131+50 

140+30 

154+30 

Avftraire 

16,800 

1213 

14.0 

At  the  time  the  experiments  were  made  a  huge  sand  bar  existed 
along  the  left  bank.  Since  the  velocities  were  low  along  that  edge 
of  the  river,  the  sand  probably  extended  some  distance  into  the  bed 
of  the  channel.  Parts  of  the  right  bank  were  paved  with  huge  blocks 
of  stone.  Other  parts  were  covered  with  large  pieces  of  broken  lime- 
stone evidently  lying  where  they  had  been  weathered  out  of  the  local 
geological  formation;  while  near  the  water's  edge  deposits  of  clay  were 
encountered.  How  far  the  latter  extended  into  the  bed  of  the  stream 
could  not  be  ascertained.  A  few  barges  and  steamboats  were  tied 
along  the  right  bank  but  were  not  of  such  type  or  in  sufficient  numbers 
to  affect  the  investigations. 

Three  temporary  gages  were  established  on  the  right  bank  for  use 
in  determining  the  surface  slope.  These  are  designated  on  the  map 
in  figure  40  as  gages  A,  B,  and  C.  Gage  D  in  the  figure  is  the  U.  S. 
Weather  Bureau  gage.  Several  readings  were  taken  at  each  place 
and  in  calculating  the  value  of  the  slope  given  in  table  9,  the  four 
gage  readings  were  adjusted  so  as  to  apply  to  the  same  instant. 

The  discharge  used  in  working  up  the  results  was  taken  from  a 
rating  table  prepared  by  the  U.  S.  Geological  Survey.  The  appli- 
cability of  the  table  to  the  conditions  existing  at  the  time  the  experi- 
ments were  made  was  checked  by  the  investigators  by  three  current 
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meter  gagings.  These  were  taken  during  the  same  week  in  which 
the  slope  was  measured.  One  gaging  was  made  at  the  Central  Bridge 
and  two  were  made  at  the  Suspension  Bridge.  Hie  results  varied 
from  the  table  by  about  2  per  cent. 

Since  no  unusual  difficulties  were  encountered  in  connection  with 
the  field  measurements  the  results  given  in  table  9  are  probably  not 
more  than  4  per  cent  in  error. 

MISSISSIPPI  RIVER  ABOVE  CARROLLTON,  LOUISIANA 

Experiments  47  to  84,  in  table  9,  were  calculated  for  the  Missis- 
sippi River  above  Carrollton,  Louisiana,  for  the  floods  of  1912  and 
1913,  using  data  taken  by  the  Mississippi  River  ComiHission.  The 
stretch  selected  for  the  studies  Ues  just  above  the  city  of  New  Orleans, 
between  the  College  Point  and  CarroUton  gages.  This  particular 
length  was  chosen  because  it  seemed  to  offer  better  opportunities  for 
roughness  factor  studies  than  any  other  stretch.  Although  it  con- 
tains several  bends,  it  is  about  as  straight  as  any  portion  of  the  lower 
Mississippi  River  of  equal  length  with  the  exception  of  the  portion 
beginning  about  20  miles  below  New  Orleans.  No  levee  breaks  oc- 
curred in  this  stretch  during  the  floods  of  1912  and  1913.  Conse- 
quently the  discharges  were  the  same  as  at  CarroUton,  where  current 
meter  measurements  were  made  nearly  every  day  during  the  higher 
stages.  Cross  sections  were  taken  at  intervals  of  about  0.15  of  a 
mile  throughout  this  stretch,  in  1897  and  1898,  an  average  of  64  ele- 
vations being  taken  for  each  section.  Daily  gage  readings  at  the 
College  Point  and  CarroUton  gages  furnished  data  for  computing  the 
surface  slope.  Highwater  marks  for  each  flood,  which  were  taken 
at  intervals  of  about  5  miles  throughout  the  entire  length,  furnished 
excellent  checks  on  the  slopes  determined  by  the  gage  readings.  Car- 
roUton gage  readings  were  also  checked  approximately  by  readings  at 
the  Algiers  gage  only  a  few  miles  below. 

The  location  and  aUgnment  of  the  channel  is  shown  in  figure  41. 
The  variations  in  size  and  shape  of  the  cross  section  may  be  seen  by 
referring  to  table  23,  which  contains  the  mean  hydrauUc  elements, 
corresponding  to  bank-full  stages,  of  successive  lengths  within  this 
stretch,  the  entire  distance  being  divided  into  28  parts  and  the  ele- 
ments given  for  each  part  being  based  on  several  cross  sections. 
This  data  was  taken  from  the  Annual  Report  of  the  Chief  of  Engi- 
neers, U.  S.  A.,  for  the  year  1899,  slight  corrections  being  made  in 
the  areas  so  that  they  correspond  to  a  uniform  surface  slope  between 
the  College  Point  and  CarroUton  gages  rather  than  to  the  exact  top 
of  bank  in  each  part.    Although  the  measurements  were  made  in 
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1897  and  1898,  fifteen  years  before  the  floods  of  1912  and  1913,  it  is 
not  probable  that  appreciable  errors  were  introduced  into  the  calcu- 
lations by  the  use  of  this  data,  since  studies  of  the  Mississippi  River 
Commission,  given  in  the  above  mentioned  report,  indicate  that  the 
average  cross  section  at  bank-full  stage  from  Scott  Bluffs  to  Donald- 
sonville  increased  in  size  about  2.2  per  cent  between  1882-83  and  1897- 
98.  If  the  channel  between  College  Point  and  Carrollton  has  been 
changing  in  a  similar  manner  since  1897-98  the  areas  given  in  table 
23  should  be  increased  about  2  per  cent. 


Scole  of  Miles 

o  5  10 


LAKE    PONTCMARTRAIN 


FIG.  41.— MAP  OF  THE  MISSISSIPPI  RIVER  BETWEEN  COLLEGE  POINT 

AND  CARROLLTON,  LOUISIANA. 


An  inspection  of  table  23  shows  that  the  channel  is  comparatively 
irregular.  The  mean  areas  of  the  cross  sections  of  the  individual 
parts  vary  from  about  87  to  about  140  per  cent  of  the  mean  value  for 
the  entire  length;  the  mean  widths  for  the  individual  parts  vary  from 
about  77  to  about  142  per  cent  of  the  final  average  width;  and  the  mean 
depths  for  the  individual  parts  vary  from  about  61  to  about  136  per 
cent  of  the  final  average  depth. 

Roughness  factors  were  computed  in  two  ways,  first,  on  the  basis 
of  the  total  cross  section  and  discharge  between  levees,  including  over- 
flow; and,  second,  on  the  basis  of  the  river  channel  cross  section  and 
discharge  only,  neglecting  overflow-  The  total  width  between  levees 
for  use  in  the  calculations  by  the  first  method  was  obtained  from  the 
river  charts  of  the  Mississippi  River  Commission.  The  values  of  the 
total  discharge  were  taken  from  the  tables  giving  results  of  discharge 
measurements  at  Carrollton,  pubUshed  in  the  annual  reports  of  the 
Chief  of  Engineers,  U.  S.  Army,  for  the  years  1912  and  1913,  pages 
3852  and  3479^  respectively.  Roughness  factors  were  calculated  for 
each  day  on  which  current  meter  measurements  were  made.  Gagings 
made  by  means  of  floats  were  not  used  although  they  agree  very  well 
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with  the  current  meter  measurements.  Besults  by  the  first  method 
are  given  in  table  9  under  numbers  47  to  65  inclusive.  Values  given 
under  each  number  are  averages  determined  by  five  consecutive  ex- 
periments, the  data  being  recorded  in  this  manner  in  order  to  avoid 
the  confusion  that  would  arise  if  the  entire  number  were  given.  The 
quantity  given  in  the  column  headed  Stage  is  the  mean  elevation  of 
the  water  surface  between  the  two  gages  referred  to  the  Memphis 
datum. 


Table  23. — ^Hydraulic  Elements  of  Cross  Sections,  liississippi  River  above  CarroU- 

ton,  Louisiana,  Bank-full  Stages* 


Btretoh 
MUM  bdow  Cairo 

903.0-906.1 

906.1-909.0 

909.0-910.5 

910.&^12.1 

912.1-912.8 

912.8-914.3 

9U.3-917.7 

917.7-919.5 

919.6-920.7 

920.7-922.2 

922.2-923.3 

923.3-926.0 

926.0-^27.1 

927.1-928.6 

928.6-^30.1 

930.1-931.1 

931.1-932.7 

932.7-935.8 

935.8-937.4 

937.4r^38.6 

938.6-939.7 

939.7-942.4 

942.4-944.5 

944.5-946.2 

946.2-948.2 

948.2-952.4 

952.4-953.7 

953.7-957.8 

Averages 


Are* 

WldUl 

Depth 

SquAre  feet 

Feet 

Feet 

176,300 

2566 

68.7 

203,100 

2676 

75.9 

180,900 

3039 

59.5 

187,800 

2912 

64.5 

202,100 

2541 

79.5 

187,900 

2428 

77.4 

178,400 

2544 

70.1 

179,900 

2577 

69.8 

187,500 

2822 

66.4 

264,100 

2890 

91.4 

185,100 

2562 

72.2 

183,200 

2460 

74.5 

170,900 

2230 

76.6 

172,600 

2039 

84.6 

192,300 

2816 

68.3 

211,000 

3528 

59.8 

164,400 

3747 

43.8 

193,400 

2561 

75.4 

170,800 

2396 

71.3 

179,000 

2500 

71.6 

180,400 

3193 

56.5 

252,700 

2618 

96.5 

171,100 

2410 

71.0 

171,600 

2171 

79.0 

183,200 

2514 

72.8 

177,300 

2675 

66.2 

181,800 

2026 

89.7 

182,300 

2583 

70.5 

188,250 

2643 

71.2 

In  the  calculations  by  the  second  method,  the  discharges  measured 
in  the  river  channel  at  CarroUton,  given  in  the  previously  mentioned 
tables  of  discharge  measurements,  were  assumed  to  be  the  correct 
mean  rates  of  flow  of  the  river  channel  in  the  entire  length.  This 
assumption  probably  did  not  lead  to  appreciable  errors  since  the  dis- 
charge of  the  overflow  areas  at  CarroUton  was  less  than  1  per  cent 
of  the  total  in  all  cases.    Roughness  factors  were  computed  for  the 

*  From  surveys  of  the  Mississippi  River  Commission. 
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same  measurements  as  before  and  results  are  given  in  the  same  manner 
in  table  9,  under  numbers  66  to  84  inclusive. 

It  is  believed  that  the  results  given  in  table  9  are  unusually  accur- 
ate. Although  certain  elements  might  be  somewhat  in  error  in  indi- 
vidual experiments  the  average  roughness  factors  for  the  groups  of 
five  gagings  ought  to  be  essentially  correct.  Such  discrepancies  as 
may  exist  in  the  areas  and  hydrauUc  radii  are  imdoubtedly  due  to 
the  changes  that  have  occurred  after  the  surveys  were  made;  and, 
consequently,  are  the  same  for  all  the  experiments.  Observational 
errors  in  the  mean  area  and  hydraulic  radius  were  reduced  to  a  negli- 
gible quantity  by  the  imusually  large  number  of  cross  sections  that 
were  measured. 

The  surface  slope  might  be  in  error  as  much  as  5  per  cent  in  indi- 
vidual experiments  but  probably  is  not  more  than  2  per  cent  in  error 
in  the  case  of  the  average  values  given  in  table  9.  The  total  fall 
varied  from  about  7  to  about  10  feet.  Such  discrepancies  as  may 
exist  are  probably  due  to  difficulties  in  reading  gages  caused  by  wind 
or  surface  oscillations.  The  discrepancies  in  discharges  are  probably 
about  the  same  as  those  in  the  slope.  Considering  all  of  the  condi- 
tions that  a£Fect  the  accuracy  of  the  investigations  and  assuming  that 
no  changes  occurred  in  the  channel  between  1897-98  and  1912-13,  it 
is  doubtful  if  any  of  the  friction  factors  given  in  table  9  for  this  loca- 
tion are  in  error  more  than  2  per  cent. 
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CHAPTER  v.— THE  KUTTER  FORMULA 

INTRODUCTION 

The  well-known  Kutter  formula  was  proposed  in  1869  by  two 
Swiss  Government  Engineers,  E.  Ganguillet  and  W.  R.  Kutter,  when 
they  published  the  results  of  their  extensive  studies  and  investiga- 
tions of  the  flow  of  water  in  open  channels  in  Zeitschrift  des  Oester- 
reichischen  Ingenieure  und  Architekten  Yereines.*  In  1877,  owing  to 
the  demand  for  copies  of  this  publication,  the  edition  of  which  had 
long  been  exhausted,  the  Direction  of  Public  Works  of  the  Canton 
of  Berne  republished  the  treatise  in  book  form,  with  a  supplement 
consisting  principally  of  a  condensed  mathematical  development  of 
the  formula.  The  original  paper  was  translated  into  English  by  Jack- 
son in  1876.  Bering  and  Trautwine's  translation  of  the  1877  edition, 
referred  to  in  chapter  III,  page  33,  appeared  in  1891.  The  latter 
translators  included  in  their  edition  several  appendices  dealing  with 
various  features  of  the  flow  of  water  in  open  channels  and  also  a  long 
table  containing  the  hydraulic  elements  of  over  1200  gagings  made  in 
about  300  different  channels  and  pipes  imder  varying  conditions  of 
hydraulic  radius  and  slope. 

This  chapter  will  take  up  briefly  the  development  of  the  formula, 
its  status  in  engineering  practice,  criticisms  that  have  been  made  re- 
garding it,  the  data  used  in  its  development,  the  gagings  made  on  the 
Mississippi  River  by  Humphreys  and  Abbot,  the  factor  n,  and  the 
use  of  the  formula.  The  effect  of  slope  on  the  coefficient  C,  which  has 
so  often  been  discussed  and  criticized,  will  be  taken  up  in  detail  in 
chapter  X  in  connection  with  the  comparison  of  the  Kutter  and  Bazin 
formulas. 

DEVELOPMENT  OF  THE  FORMULA 

Ganguillet  and  Kutter  started  from  the  formula 

V^C^IrS  (1) 

which  was  developed  by  Chezy  in  1775,  commonly  known  as  the  Chezy 
formula,  taking  for  the  coefficient  C  the  general  formula  proposed  by 

*  Versuch  zur  AufsteUung  einer  neuen  aDgemeinen  Formel  ftlr  die  gldchf Onnige 
Bewegung  des  Wassers  in  Can&len  und  FlQssen.  An  investigation  to  establish  a 
new  General  Formula  for  the  Uniform  Flow  of  Water  in  Canals  and  Rivers. 
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Bazin  in  his  Recherches  Hydrauliques;  namely, 


C=     1_1_  (2) 


V"+l 


In  this  equation  a  and  p  are  constants  whose  values  depend  upon  the 
degree  of  roughness  of  the  channel,  but  which  bear  no  constant  rela- 
tion to  each  other. 

Ganguillet  and  Kutter  believed  that  there  could  be  established 
between  a  and  p,  in  connection  with  R,  a  relation  which  would  remain 
constant  for  all  degrees  of  roughness,  thus  making  it  possible  to  replace 
them  by  a  single  variable  coefficient.  They  also  believed  that  the 
effect  of  slope,  which  Bazin  had  recognized  but  had  not  considered 
important,  should  be  introduced  into  the  formula. 

After  a  comparison  of  the  formulas 

C  = —  (3) 

X 

1  + 


and 


VJB 


y" 
C^-^,,  (4) 

X 


which  might  be  used  to  express  the  value  of  C,  with  the  formula 


C=     \-J—.  (6) 


4 


X 


obtained  from  equation  2  by  substituting  y'  for  1/a  and  x'  for  /3/a, 
they  decided  to  adopt  as  their  basic  formula  the  modified  form  given 
by  (3). 

These  three  equations  are  very  similar.  If  for  a  given  class  of 
roughness,  in  which  case  the  terms  {x,  y),  (a;",  j/")i  and  (x',  y')  will  be 
constants  in  the  respective  formulas,  the  equations  are  .platted  on  co- 
ordinates of  ( Vft,  C),  (J8,  C),  and  (iJ,  C^)  respectively,  the  cu  ves  will 
be  very  similar  equilateral  hyperbolas  with  asjontotes  parallel  to  the 
axes.  They  would  form  the  same  curve  if  the  constants  were  the 
same.  The  investigators  found  that  equation  3  fitted  experimental 
data  as  well  as  equation  5  and  better  than  equation  4.    In  fact, 
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Bazin  leached  the  same  conclusion  in  his  exhaustive  study  of  1897, 
as  will  be  seen  by  referring  to  the  following  chapter. 

In  establishing  a  relation  between  x  and  y  the  investigators  tried 
various  expressions.  They  first  worked  on  the  assumption  that  y  is  a 
constant.  Finding  that  the  experimental  data  disproved  this  they 
tried  the  relations 


and 


y  - 

a 

z 

=  ny 

= 

a^ 

y 

a 

X  ' 

=  n^y 

^^ 

an 

n 


Finally  they  found  that  the  relation  best  meeting  the  requirements 
was 

I 
y  =  a  +  -,        X  ^  an  ^  ny  —  I 
n 

in  which  a  and  I  are  constants  and  n  is  a  variable.    This  gave  for  the 
general  formula,  not  including  the  effect  of  slope,  the  form 

I 

n 
C (6) 

1+^ 

In  order  that  the  variation  of  the  coefficient  y  with  the  slope 
should  follow  a  hyperbola  similar  to  the  basic  formula,  they  intro- 
duced the  slope  effect  by  adding  to  the  value  of  y  the  quantity  m/S, 
m  being  a  constant.    This  gave 

y-a  +  l  +  ^  (7) 


n     S 


which  substituted  in 


gave 


X  —  ny  —  I 
a:  =  (a  +  ^jn  (8) 


thus  changing  the  general  formula  to 


I      m 

n     "iS 
C 7 -T—  (9) 


'  +  («+f);^ 


Vr 
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From  a  study  of  the  available  measurements  they  decided  that  the 
e£Fect  of  the  slope  is  zero  when  the  radius  is  one  meter,  that  C  increases 
as  the  slope  increases  when  the  radius  is  less  than  one  meter,  and  that 
C  decreases  as  the  slope  increases  when  the  radius  is  greater  than  one 
meter. 

The  condition  that  the  slope  correction  should  cancel  out  when  the 
radius  is  one  meter  determined  the  value  of  the  constant  {.  Equation 
9  may  be  written  in  the  form 

C  =  —-  X  7 -T (10) 

from  which  it  is  plain  that  in  order  to  satisfy  this  condition  the  con- 
stant {  must  have  the  value  unity.  It  is  also  plain  that  for  such  a 
case  the  value  of  C  is  1/n.  The  construction  of  the  second  fraction 
shows  that  the  nature  of  the  slope  correction  changes  when  R  changes 
from  less  than  one  meter  to  more  than  one  meter.  This  is  shown 
more  clearly  in  the  chapter  on  the  Bazin  Formula,  see  page  149. 

The  investigators  next  determined  the  values  of  the  constants  a 
from  less  than  one  meter  to  more  than  one  meter. 

The  investigators  next  determined  the  values  of  the  constants  a 
and  m  by  the  following  graphical  processes.  Several  series  of  meas- 
urements were  selected,  the  roughness  being  the  same  for  all  series, 
and  the  slope  being  constant  for  all  measurements  in  a  given  series 
but  varying  for  the  different  series.    These  measurements  were  then 

platted  on  coordinates  of  1/C  and  1/Vji  and  a  straight  line  drawn 
through  the  measurements  of  each  series.  These  straight  lines  cor- 
respond to  the  equation 

^--+-4-  (11) 

obtained  directly  from  the  basic  formula  3,  in  which  l/y  is  the  inter- 
cept on  the  axis  of  1/C,  reciprocals  of  l/y  being,  of  course,  values  of  y. 
The  numerical  values  of  y  determined  in  this  manner  for  several 
values  of  S  were  next  plotted  against  abscissas  of  1/S  and  the  pokits 
balanced  by  a  straight  line  of  equation 

y  =  yi+j  (12) 

obtained  directly  from  (7)  by  putting  yi  =  a  +  Z/n.  In  this  equa- 
tion yi,  the  intercept  on  the  y  axis  was  found  to  be  60,  and  m,  the  slope 
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of  the  line,  was  found  to  be  .00155.  Since  the  value  of  n  for  the 
measurements  used  in  this  determination  was  .027  the  constant  a 
was  found  to  be  23. 

Thus  the  general  formula  for  metric  units  was  found  to  be 

^^   .  1   .  0.00155 


-(--^)4 


Converted  into  the  English  system  it  is 

,,  „   .  1.811  .  0.00281 

^~,       /,,  ,   ,  0.00281\   n  ^^*^ 

which  shows  that  the  rather  peculiar  coefficients  such  as  1.811,  occur- 
ring in  the  formula  as  it  is  usually  published  in  English  books,  come 
from  the  conversion  process. 

The  various  classes  of  roughness  were  then  established  directly 
from  the  experimental  data  by  graphical  methods. 

The  coefficient  C  is  seen  to  depend  upon  the  hydraulic  radius  JS, 
the  friction  slope  S,  and  a  factor  n,  usually  spoken  of  as  the  coef- 
ficient of  roughness  or  simply  as  the  roughness  factor.  A  study  of 
the  formula  shows  the  following  relations  to  be  true: 

1.  The  coefficient  C  decreases  as  the  roughness  factor  n  increases, 
although  the  decrease  becomes  less  as  n  becomes  greater. 

2.  The  coefficient  C  increases  with  the  hydraulic  radius,  the  in- 
crease becoming  less,  however,  as  the  radius  becomes  larger. 

3.  As  the  hydraulic  radius  increases  the  change  in  C  due  to  a 
given  change  in  roughness  factor,  decreases. 

4.  When  the  hydraulic  radius  is  one  meter  the  coefficient  C  is  in- 
dependent of  the  slope. 

5.  When  the  hydraulic  radius  is  less  than  one  meter  the  coef- 
ficient C  increases  as  the  slope  increases. 

6.  When  the  hydraulic  radius  is  greater  than  one  meter  the  coef- 
ficient C  decreases  as  the  slope  increases. 

^ .  7.  The  change  in  C  due  to  a  change  in  S  decreases  as  S  increases 
becoming  negligible  for  slopes  greater  than  one  in  a  thousand. 
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PRESENT  STATUS   OF  THE  FORMULA 

Despite  its  rather  cumbersome  appearance  the  formula  has  come 
into  general  use  among  EngUshnspeaking  engineers.  A  study  of  re- 
cent reports  on  engineering  projects  of  considerable  magnitude,  such 
as  the  reports  of  the  New  York  Water  Supply,  the  Los  Angeles  Aque- 
duct, the  Panama  Canal,  the  U.  S.  Reclamation  Service,  the  U.  S. 
Department  of  Agriculture,  and  others,  shows  this  to  be  true.  Mer- 
riman  is  essentially  correct  when,  on  page  288  of  the  ninth  edition  of 
his  Treatise  on  HydrauUcs,  he  sajrs: 

The  formula  of  Kutter  has  received  a  wide  acceptance  on  account  of  its  applica- 
tion to  all  kinds  of  surfaces.  Notwithstanding  that  it  is  purely  empirical,  and 
hence  not  perfect,  it  is  to  be  regarded  as  a  fonnula  of  great  value,  bo  that  no  design 
for  a  conduit  or  channel  should  be  completed  without  employing  it  in  the  investiga- 
tion, even  if  the  final  oonBtruction  be  not  based  upon  it.  In  sewer  work  it  is  exten- 
sively employed,  n  being  taken  as  about  0.015. 

Similar  quotations,  of  which  the  above  is  fairly  typical,  might  be 
made  from  various  pubUcations  on  hydrauUcs.  The  status  of  the 
Kutter  formula  from  the  standpoint  of  sewer  work  is  well  set  forth 
in  Metcalf  and  Eddy's  American  Sewerage  Practice,  Volume  I,  where 
about  20  pages  are  devoted  to  the  subject. 

Much  more  information  is  available  concerning  the  results  and 
details  of  the  use  of  this  formula  in  practice  than  is  available  for  any 
other  formula  that  has  been  proposed.  Recent  experimental  work 
on  open  channels,  especially  in  this  country,  has  invariably  been  dis- 
cussed from  the  standpoint  of  the  Kutter  equation.  For  ordinary 
conditions  the  proper  roughness  factors  can  be  designated  within 
reasonable  Umits.  This  is  especially  true  of  irrigation  and  drainage 
canals,  of  small  or  moderate  dimensions.  Experimental  results  for 
large  artificial  channels  as  well  as  for  natural  streams  are  still  some- 
what scarce. 

CRITICISMS  OF  THE  FORMULA 

Though  given  the  sanction  of  usage,  the  reliabiUty  of  the  formula 
has  been  frequently  questioned.  Various  hydrauUcians  have  criti- 
cized it  on  account  of  the  manner  in  which  the  coefficient  C  is  made 
to  vary  with  the  slope.  Some  have  claimed  that  the  slope  does  not 
affect  the  coefficient  at  all.  Others  seem  to  think  that  C  ought  always 
to  increase  as  the  slope  increases.  Still  other  engineers  have  ques- 
tioned the  accuracy  of  the  data  upon  which  the  formula  was  based, 
particularly  the  measurements  of  Humphreys  and  Abbot  on  the 
Mississippi.  Following  are  a  few  quotations  indicating  the  general 
nature  of  the  criticisms. 

The  American  Civil  Engineers*  Pocketbook,  page  856  of  the  third 
edition,  says: 
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The  Kutter  Formula,  though  largely  used,  is  probably  not  entirely  satisfactory 
for  laige  streams  with  slight  slopes.  It  depends  for  its  accuracy  almost  entirely 
upon  the  experimental  determination  of  its  coefficient  of  roughness  n,  which  changes 
for  different  velocities  in  the  same  channel,  and  great  care  must  therefore  be  exercised 
in  extending  computations  beyond  the  limits  of  actual  experiment. 

Bellasis  on  page  173  of  his  Hydraulics  with  working  Tables,  sec- 
ond edition,  says: 

nutter's  coefficients  for  flat  slopes  are  based  on  the  Mississippi  observations  of 
Humphreys  and  Abbot.  The  fall  here  was  so  small  (sometimes  .02  foot  per  mile) 
that  the  deduced  slopes  are  absolutely  unreliable.  This  is  the  opinion  of  Bazin  and 
also  of  Smith.    There  is  really  no  proper  evidence  that  C  increases  as  S  decreases. 

while  on  page  174  he  sa3rs: 

It  has,  however,  been  seen  that  for  pipes  C  imdoubtedly  increases  with  S, 
and  it  is  unlikely  that  a  different  law  holds  good  for  small  open  channels.  It  is 
quite  likely  that  C  always  increases  with  S,  but  that  for  large  values  of  R  the  increase 
is  n^^Iigible. 

Parker  on  page  472  of  his  Control  of  Water  writes  as  follows: 

The  history  of  this  formula  is  interesting.  At  the  date  of  its  publication  very 
few  gagingB  of  large  rivers  had  been  undertaken,  and  modem  methods  were  either 
unknown  or  in  an  experimental  stage.  So  far  as  I  am  aware,  none  of  the  large 
river  gagings  accessible  to  Kutter  and  Ganguillet  were  taken  by  any  of  the  methods 
which  I  have  discussed;  and  those  on  which  Ihey  placed  most  reliimce  (Humphreys 
&  Abbot's  Mississippi  Gagings)  were  taken  by  the  obsolete  double  float  method , 
which  Bazin  (A.  P.  C.,  1884,  Vol.  7)  has  shown  to  largely  overestimate  the  velocity 
in  deep  streams. 

llie  terms  in  the  formula  depending  on  S  were  introduced  simply  to  obtain 
agreement  with  Humphreys  and  Abbot's  results,  and  may  therefore  be  considered 
as  based  on  very  flimsy  evidence. 

DATA  USED  IN  DEVELOPING  THE  FORMULA 

Hering  and  Trautwine's  translation  of  the  Kutter  treatise  does 
not  contain  a  complete  record  of  the  measurements  used  in  the  devel- 
opment of  the  formula.  A  study  of  the  text^  however^  indicates  the 
general  source  of  the  data  used,  and  in  some  cases  the  actual  gagings. 
The  particular  data  used  in  each  step  of  the  work,  so  far  as  could  be 
learned,  are  as  follows: 

The  decision  to  adopt  equation  3  as  a  basic  formula  was  based  on 
eight  series  of  Bazin's  gagings;  namely,  series  2,  6,  9,  17,  24,  26,  32, 
and  33. 

The  relation  between  x  and  y  was  determined  from  a  study  of 
Bazin 's  work  together  with  a  number  of  series  of  gagings  of  the  Seine, 
Saone,  Weser,  Rhine-delta  in  Holland,  lonth  Canal,  and  others. 

The  decision  to  make  C,  for  large  channels,  decrease  with  an  in- 
crase  in  slope  was  based  entirely  on  Humphreys  and  Abbot's  work 
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on  the  Mississippi  River,  considering  all  of  the  gagings  given  in  table 
24  except  numbers  1  to  3  inclusive,  in  which  the  hydrau'ic  radii  dif- 
fered considerably  from  the  others. 

Table  24. — ^Humiihreys  and  Abbot's  Mississippi  River  Gagings 


Loeatton 

Number  of 

ObwrvUon 

Q.AK. 

Hydraullo 
Radius 

Slope  1000 

a 

Mean 

Velocity 

V 

Cbeay 

CoeC 

C 

Vicksburg,  Miss 

tt            tt 

It            tt    ' ' ' ' 

tt            tt 

tt            tt    '  '  '  ' 

Columbus,  Ky 

Carroliton,  La 

tt           It 

tt           tt 

tt           tt 

1 
2 
3 
4 
5 

6 

7 

8 

9 

10 

Metara 
9.497 
15.886 
17.484 
19.538 
19.666 
20.081 
21.953 
22.085 
22.413 
22.673 

.02227 
.03029 
.04811 
.06379 
.04365 
.06800 
.02051 
.01713 
.00342 
.00384 

Meten 

peraeooiid 

1.074 
1.694 
1.926 
2.118 
2.060 
2.121 
1.807 
1.794 
1.229 
1.212 

73.9 
77.2 
66.4 
60.0 
71.0 
57.4 
85.1 
92.2 
140.4 
129.9 

The  decision  to  make  C,  for  small  channels,  increase  with  an  in- 
crease in  slope  was  based  on  Bazin's  work,  expecially  series  3,  6  to 
11,  21  and  22,  32  and  33,  and  39. 

The  point  of  change  of  the  slope  effect  was  determined  from  a 
graphical  study  of  Humphreys  and  Abbot's  measurements,  numbers 
2  to  6  inclusive,  combined  with  measurements  on  the  Seine  at  Poissy, 
the  Saone  at  Raconnay,  the  Canal  du  Jard,  and  the  Biver  Haine, 
where  the  roughness  was  the  same  as  that  of  the  Mississippi  River; 
and  also  from  a  similar  graphical  study  of  Bazin's  measurements, 
series  6,  8,  9,  11,  12,  14,  15,  17,  32,  and  33. 

The  constant  coefficients  a  and  m  were  determined  graphically 
from  the  first  group  of  measurements  used  in  locating  the  point  of 
zero  slope  effect. 

The  various  values  of  n  were  determined  directly  from  the  experi- 
mental data  as  has  already  been  mentioned. 

Thus  it  is  evident  that,  although  certain  miscellaneous  gagings 
were  considered  in  some  of  the  steps,  the  Kutter  formula  was  based 
primarily  on  the  work  of  Bazin  and  of  Humphreys  and  Abbot. 

There  seems  to  be  no  reason  to  doubt  the  accuracy  of  Bazin's 
work.  Ganguillet  and  Kutter  say:  "The  measurements  of  M.  Bazin 
were  conducted  with  such  care  and  precision  that  we  should  not  be 
justified  in  entertaining  any  doubt  as  to  the  general  correctness  of 
their  results."  Our  studies  of  Recherches  Hydrauliques  have  led  us 
to  the  same  conclusion.  In  fact,  although  we  have  seen  criticisms  of 
certain  data  used  by  Bazin  in  developing  his  formula,  we  do  not  re- 
call having  seen  any  criticisms  of  the  measurements  made  by  Bazin 
himself.  It  remains,  then,  to  discuss  the  gagings  of  Humphreys  and 
Abbot. 
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HUMPHREYS  AND  ABBOT'S  GAGINGS 

Humphreys  and  Abbot's  gagings  were  made  between  1850  and 
1860  in  connection  with  their  general  survey  of  the  lower  Mississippi 
River.  This  survey  was  carried  on  imder  the  authority  of  the  U.  S. 
Government  with  the  object  of  ascertaining  the  extent  and  the  ph3rs- 
ical  characteristics  of  the  region  inimdated  by  the  lower  Mississippi, 
the  stretch  from  the  mouth  of  the  Ohio  to  below  New  Orleans,  in 
order  to  elaborate  a  projeet  for  the  regulation  of  the  river  and  its 
tributaries.  The  results  of  their  survey  are  recorded  in  a  volume 
entitled  A. Report  on  the  Physics  and  Hydraulics  of  the  Mississippi 
River,  published  by  the  U.  S.  Government  in  1861.  The  particular 
gagingB  used  by  Ganguillet  and  Kutter  are  given  in  table  24,  quan- 
tities being  in  metric  units.  The  following  discussion  of  these  meas- 
urements is  based  upon  a  detailed  study  of  the  above-mentioned  re- 
port. 

The  determination  of  the  mean  sectional  dimensions,  which  has 
not  been  criticized  so  far  as  we  are  aware,  was  fully  as  important  a 
part  of  the  investigations  as  the  measurement  of  either  slope  or  velo- 
city. At  Columbus  the  mean  area  of  flow  space  and  mean  hydraulic 
radius  were  based  on  4  cross  sections,  all  taken  near  the  lower  end  of 
the  stretch  in  which  the  slope  was  measured;  at  Vicksburg  the  mean 
areas  and  radii  were  based  on  8  cross  sections,  fairly  well  distributed; 
and  at  Carrollton  27  cross  sections,  also  fairly  well  distributed,  were 
utilized. 

It  appears  that  the  determination  of  slope  at  Columbus  was  not 
entirely  satisfactory.  Conditions  were  complicated  somewhat  by  an 
eddy  and  bend  just  above  the  upper  gage,  by  an  island  just  below 
the  location  of  the  cross  sections,  and  by  the  rapidly  varying  width 
between.    In  fact,  Humphreys  and  Abbot  themselves,  say: 

In  default  of  a  better  determination,  the  result  is  admitted,  although  probably 
somewhat  inexact  from  instrumental  enon,  which  the  shortness  of  the  line  rendered 
very  important.  * 

Two  points  on  the  same  side  of  the  river  and  about  a  quarter  of 
a  mile  apart,  were  used  in  computing  the  final  value. 

Particular  care  seems  to  have  been  taken  in  the  slope  observa- 
tions at  \^cksburg.  Levels  to  determine  the  elevations  of  the  gages 
were  run  5  times,  while  readings  on  the  water  surface,  although  only 
taken  at  2  points,  were  observed  simultaneously  by  different  observ- 
ers. No  complicating  conditions,  such  as  bends  or  islands,  were 
present  in  this  case.  The  cross  section  was  fairly  regular,  the  current 
was  parallel  to  the  shore,  and  the  total  fall  in  water  surface  between 
the  two  gages  was  great  enough  to  be  easily  measured. 
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At  Carrollton  the  chief  difficulty  in  determining  the  slope  arose 
from  its  very  small  numerical  value,  the  fall  per  mile  being  less  than 
0.1  foot  in  most  cases.  Readings  on  the  water  surface  were  taken 
at  3  places,  all  on  the  same  side  of  the  river. 

Considering  the  oscillations  that  are  alwa3rs  present  in  the  surface 
of  such  a  stream,  it  is  doubtful  if  any  of  their  gage  readings,  at  any 
of  the  locations,  were  within  0.05  foot  of  the  true  elevation.  If  it  be 
assumed  that  an  error  of  this  amount  occurred  in  the  total  fall  used 
in  computing  the  slope,  a  very  conservative  assumption  since  there 
were  undoubtedly  errors  in  leveling  and  since  the  gage  readings  prob- 
ably did  not  represent  the  elevations  in  the  center  of  the  stream,  the 
percentage  of  error  in  S  would  be  as  given  in  table  25. 

Table  25«— Possible  Errors  in  Slope  in  Hiunphreys  and  Abbot* s  Measurements  on 

the  Mississippi  RiTer 


Loeatlon 

Number 

Total  FAU 

Error  Ini9 

Vickflbunr 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

Feet 

0.24 

0.32 

0.51 

0.67 

0.46 

0.09 

0.185 

0.188 

0.031 

0.042 

Percent 

20.8 
15.6 
9.8 
7.5 
10.9 
55.6 
27.0 
26.6 

161. 

119. 

« 

« 

it 

it 

ColumbuB 

Carrollton 

(t 

tt 

tt 

All  velocity  observations  were  made  by  means  of  double  floats. 
At  Carrollton  the  floats  were  run  at  all  depths,  at  all  velocity  sta- 
tions, and  in  all  manners.  Sometimes  many  observations  were  made 
consecutively  at  each  depth;  sometimes  the  series  of  observations  con- 
sisted of  one  at  each  depth  from  surface  to  bottom  or  from  bottom  to 
surface;  and  sometimes  floats  were  started  near  the  surface  and  near 
the  bottom  and  the  distances  from  these  planes  successively  increased 
until  mid-depth  was  reached.  The  mean  velocity  for  a  given  vertical 
was  obtained  by  averaging  the  velocities  measured  at  the  different 
depths  in  that  vertical.  The  total  discharge  of  the  river  was  com- 
puted by  the  usual  methods. 

At  Columbus  and  at  Vicksburg  floats  were  run  at  a  constant  depth 
of  5  feet  and  an  approximate  discharge  was  computed  by  multipl3dng 
the  partial  areas,  each  200  feet  wide,  by  the  velocities  observed  at  the 
5-foot  depths.  The  final  results  were  obtained  by  applying  coeffi- 
cients determined  from  the  Carrollton  measurements  and  from  simi- 
lar measurements  at  Baton  Rouge. 
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The  probable  accuracy  of  the  Carrollton  velocity  measurements 
can  only  be  determined  by  a  detailed  comparison  of  the  velocities 
obtained  at  di£Ferent  depths  by  double  floats,  with  those  obtained  at 
the  same  depths  by  current  meters.  Such  comparisons,  of  which 
those  given  by  Bazin  in  his  paper  entitled  Notes  on  the  Use  of  Double 
Floats  for  Measuring  the  Velocity  in  Large  Water  Courses,  are  typ- 
ical, indicate  that  the  Carrollton  velocities  are  about  ten  per  cent  too 
high. 

The  accuracy  of  the  Yicksburg  and  Columbus  velocities  may  be 
tested  by  comparing  the  coefficients  used  by  Humphrejrs  and  Abbot 
in  reducing  these  measurements,  with  those  used  by  the  Mississippi 
Biver  Commission  under  similar  conditions.  This  comparison  is  pos- 
sible since  the  constant  depth  of  five  feet  at  which  the  floats  were  run 
was  only  a  small  fraction  of  the  total  depth,  generally  less  than  one 
tenth,  under  which  conditions  double  floats,  carefully  run,  give  velo- 
cities fully  as  accurate  as  those  obtained  by  the  current  meter.  The 
Mississippi  River  Commission's  coefficients  are  based  on  over  a  thou- 
sand vertical  velocity  curves  taken  with  a  current  meter,  as  explained 
in  their  Annual  Report  of  1884.  The  comparison  on  the  above  basis, 
given  in  table  26,  indicates  that  the  Columbus  and  Yicksburg  velo- 
cities are  from  6  to  10  per  cent  too  high. 

Table  26* — ^Aecnracy  of  Hmnithreys  tnd  Abbot's  Measurements  of  Velocity  at 

YicksburK  and  Cdumbus 


Location 

MeMurement 
Number 

•Coefflclent 

Dlfferenoeln 
Coefficient 

Humpbreyi  and 
Abbot 

Miarinlppi  River 
Commtailon 

Yicksburg 

tt 

It 

n 

it 
Columbus 

1 
2 
3 
4 
5 
6 

.97896 
.98693 
.97264 

1.00706 
.98952 

1.01727 

.9141 
.9140 
.9160 
.9178 
.9180 
.9182 

.0649 
.0729 
.0566 
.0893 
.0715 
.0991 

The  results  obtained  at  Yicksburg  are  without  question  the  most 
reliable.  The  Columbus  gaging  and  numbers  9  and  10  at  Carrollton 
are  practically  worthless.  Although  the  possible  errors  in  slope  of 
the  Yicksburg  measurements  and  of  numbers  7  and  8  at  Carrollton, 
as  given  in  table  25,  range  from  7.5  to  27  per  cent,  the  gagings  prob- 
ably should  not  be  rejected.  The  conclusion  drawn  by  Bellasis, 
''The  fall  here  was  so  small  that  the  deduced  slopes  are  absolutely 
imreliable",  does  not  seem  to  be  warranted  for  these  particular  gagings. 
No  one  of  the  measurements  should  be  rejected  on  account  of  the 

*  Coefficient  required  to  reduce  velocities  observed  at  depth  of  5  feet  to  mean 
velocity  in  the  vertical. 
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errors  in  velocity  observations  alone,  since  allowance  can  readily  be 
made  for  such  inaccuracies.  In  conclusion  it  might  be  said  that  al- 
though Humphreys  and  Abbot's  observations  merit  consideration, 
they  o£Fer  but  a  poor  basis  on  which  to  build  a  general  formula. 

THE  FACTOR  n 

The  variation  of  n  with  the  stage  has  at  times  been  mentioned  as 
indicating  a  serious  defect  in  the  formula.  It  has  even  been  suggested 
that  Ganguillet  and  Kutter  failed  in  their  intentions  because  of  the 
fact  that  the  coefficient  changes.  The  latter  statement  is  incorrect. ' 
It  would,  moreover,  be  absurd  to  expect  to  express  the  effect  of  the 
resistance  by  a  mere  reference  to  the  material  forming  the  bed,  with- 
out taking  into  account  its  arrangement,  or  the  other  physical  factors 
affecting  the  flow.  The  causes  for  the  variation  were  imderstood  by 
the  authors  of  the  formula,  as  will  be  shown  by  the  following  quo- 
tations taken  from  pages  54r-55,  and  98-99  of  Hering  and  Traut- 
wine's  translation. 

For  instance,  in  the  case  of  river-beds,  covered  with  boulders  and  detritus 
(Geschieben)  we  must  not  overlook  the  fact  that  when  the  water  is  low,  and  in 
general  when  the  material  forming  the  bed  is  not  in  motion,  there  is  much  less  re- 
sistance to  the  flow  than  when  it  is  moved  during  floods.  In  the  first  case  we  might 
compare  the  surface  of  the  bed  of  the  stream  to  that  of  an  ordinary  gravel-path  or 
to  that  of  rough  rubble  masonry,  and  the  coefficient  of  roughness  would  be  com- 
paratively low.  In  the  second  case,  each  rolling  stone  presents  alternately  larger 
and  smaller  resisting  surfaces  to  the  current,  and  a  considerable  portion  of  the  energy 
of  the  stream  is  absorbed  in  carrying  the  detritus  forward,  and  the  coefficient  of 
roughness  may  become  quite  large.  Bends  in  the  stream  also  increase  the  resistance, 
thus  diminishing  the  velocity  and  increasing  the  coefficient;  and  this  will  be  the  case 
even  where  the  stream  as  a  whole  is  quite  straight,  but  where  the  thalweg  passes 
occasionally  from  one  side  to  the  other,  for  here  the  particles  of  water  have  a  lateral 
and  varying  as  well  as  a  forward  and  uniform  motion.  Thus,  one  and  the  same 
stream  may  furnish  gagings  showing  widely  difiFering  coefficients  of  roughness.  In 
the  Rhine,  for  instance,  at  Germersheim,  n  equals  0.023;  at  Speyer,  n  equals  0.026; 
and  at  Bale,  n  equals  0.030. 

We  remarked  in  our  treatise  that  the  coefficient  n  must  indicate  not  only  the 
roughness  of  the  material  of  the  sides  and  bottom  of  the  channel,  but  also  irregu- 
larities of  profile,  and,  generally,  the  conditions  causing  retardation  of  flow.  The 
correctness  of  this  view  has  been  fully  established. 

Even  in  comparatively  regular  reaches  of  a  river,  the  position  of  the  point  of 
greatest  depth  often  changes,  being  found  alternately  near  the  left  and  near  the 
right  bank.  This  necessarily  produces  lateral  movements  of  the  water,  which, 
in  combining  with  the  forward  movements  due  to  the  general  slope,  cause  increased 
resistances  among  the  particles  of  water,  and  increased  retardation  of  flow. 

This  and  many  other  causes  such  as  the  degree  of  turbidity  of  the  water,  eddies 
rising  from  the  bottom,  in  short  all  causes  of  retardation  of  flow,  as  well  as  mere 
roughness  of  wetted  surface,  are  covered  by  our  n. 
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Tlie  variation  of  this  coefficient  in  one  and  the  same  section  of  a  channel  has 
ahready  been  observed  by  Mr.  Grebenau  in  the  Rhine  at  Gemersheim;  and  it  has 
since  i4>peared  still  more  unmistakably  from  Mr.  R.  Gordon's  gagings  of  the  Irra- 
waddy  in  Burmah.    In  this  case  n  decreased  as  the  depth  increased;  thus: 

B  »  6.3d3  to  13.047 
n  »  0.045  to  0.029 

No  such  variation  was  observed  in  the  case  of  the  Mississippi;  but  we  have 
already  shown  in  our  treatise  that,  with  a  constant  degree  oi  roughness  of  wetted 
I>erimeter;  the  effect  of  such  roughness  is  very  marked  in  the  smallest  streams,  such 
as  M.  Basin's  experimental  canals,  and  is  barely  if  at  all  perceptible  in  very  large 
ones,  such  as  the  Missiarippi.  On  the  Irrawaddy  the  coefficient  n  of  roughness 
decreases  as  the  depth  increases,  and  we  may  assume  that  if  R  equals  infinity  the 
coefficient  n  will  be  zero. 

At  any  rate,  this  decrease  of  n  with  increase  of  depth  is  not  a  surprising  phe- 
nomenon. 

Bering  and  Trautwine's  discussion  on  page  133  of  their  trans- 
lation also  sets  forth  the  general  variations  of  n. 

It  should  further  be  borne  in  mind  that  n  is  to  some  extent  relative.  For  the 
same  general  nature  of  the  perimeter  it  decreases  as  the  depth  or  mean  radius  in- 
creases, because  the  disturbances  of  the  current  throughout  the  waternsection 
become  relatively  less,  particularly  when  the  channel  has  a  rough  or  irregular 
perimeter.  On  the  other  hand,  in  streams  carrying  pebbles  or  coarse  detritus  n  is 
comparatively  small  for  a  low  stage  and  slight  velocity,  but  larger  for  a  higher 
velocity  which  is  capable  of  moving  the  pebbles  along  the  bed,  and  which  conse- 
quently consumes  more  energy.  During  the  rising  and  falling  of  a  river  having  the 
same  character  of  bed,  the  same  slope  and  mean  radius,  the  velocities  often  differ, 
in  which  case  n  alone  can  embody  the  corresponding  variation.  A  change  of  slope 
in  the  channel  causes  an  acceleration  and  retardation  of  the  velocity  for  some  distance 
above  and  below,  which  must  also  change  the  value  of  n  at  such  points  from  that 
which  it  would  have  for  a  uniform  slope. 

In  very  smooth  and  regular  channels  or  pipes  n  decreases  as  the  slope  increases 
if  the  course  is  straight  and  if  there  are  no  obstructions,  but  increases  with  the  slope 
if  the  course  is  irregular  and  in  the  presence  of  obstructions.  In  rough  and  irregular 
channels  or  rivers  n  usually  increases  with  the  slope,  because  with  a  corresponding 
increase  of  velocity  the  current  becomes  more  disturbed,  produces  stronger  lateral 
currents,  and  ther^y  consumes  more  energy  than  in  comparatively  smooth  channels 
or  pipes  without  obstructions,  where  the  particles  of  water  maintain  a  direction 
more  nearly  parallel  with  the  axis  of  the  stream,  and  where  accordingly  the  variation 
is  generally  found  to  be  reversed. 

As,  however,  these  variations  of  n  in  the  same  channel  are  usuaUy  slight  com- 
pared with  those  depending  directly  upon  the  character  of  the  wetted  perimeter  and 
configuration  of  the  bed,  it  is  rarely  necessary  to  give  them  much  consideration. 

CONDITIONS  THAT  DETERMINE  THE  VALUE  OF  n 

The  conditions  that  determine  the  value  of  n  to  be  used  in  com- 
puting the  capacity  of  a  given  channel  may  be  discussed  under  the 
following  headings: 
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Material  forming  the  wetted  perimeter 

Irregularities  in  bed  and  sides 

Irregularities  in  cross  section 

Liability  of  silting  or  scouring 

Alignment 

Vegetation 

Obstructions 

Size  of  channel 


Forming  the  Wetted  Perimeter 

The  material  making  up  the  wetted  perimeter,  quite  commonly 
the  only  condition  considered  in  selecting  a  roughness  factor,  is  dis- 
cussed in  all  textbooks  on  hydraulics.  Although  the  values  given  by 
the  different  authorities  vary  slightly  in  certain  cases,  they  are  prac- 
tically the  same.  They  may  be  assumed  to  be  correct  if  the  channel 
is  stable  and  is  free  from  irregularities  in  either  wetted  perimeter  or 
cross  section,  as  well  as  from  bends,  vegetation,  or  obstructions. 

The  experiments  described  in  chapter  IV  indicate  that  for  a 
straight  regular  stretch  of  channel,  as  uniform  as  can  be  found  in 
natural  channels,  the  value  of  n  for  a  stream  bed  in  sand  and  gravel 
is  0.025  or  a  very  little  less.  This  is  shown  by  the  following  experi- 
ments from  table  9: 


No. 

1 
18 

19 
14 
15 
16 
17 
21 
22 
23 
26 
46 

Loeatlon 

width 

UtatbargB 

n 

Tadmor 

Feet 

192 

218 

256 

605 

605 

566 

780 

44 

45 

90 

484 

1,213 

Second  feet 
128 

769 

759 

43,300 

45,900 

22,800 

22,800 

429 

458 

1,685 

44,260 

52,870 

0.025 
0.028 
0.023 
0.026 
0.024 
0.023 
0.025 
0.025 
0.025 
0.024 
0.025 
0.024 

Dayton 

Hamilton 

Cincinnati 

All  of  these  locations  were  chosen  with  the  idea  of  getting  the  most 
regular  representative  conditions  to  be  found  in  natural  channels. 

Irregularities  in  Bed  and  Sides 

The  irregularities  in  bed  and  sides  constitute  an  important  factor. 
A  channel  whose  wetted  perimeter  is  made  up  of  alternating  ridges 
and  depressions,  or  holes  and  humps,  will  be  decidedly  rougher  than 
one  whose  perimeter  is  imiform,  even  though  the  changes  in  total  area 
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may  be  unimportant.  A  few  of  the  experiments  made  by  the  Colo- 
rado Agricultural  College  in  cooperation  with  the  Office  of  Experi- 
ment Stations^  U.  S.  Department  of  Agriculture,  described  in  Bulletin 
194  of  the  former  institution,  may  be  cited  as  extreme  examples  of 
this  effect.  For  instance,  an  average  value  of  0.011  was  obtained  in 
smooth,  unobstructed,  straight,  semi-circular  metallic  flumes;  while 
an  average  value  of  0.0174  was  obtained  in  similar  flumes  having 
joint  connections  protruding  into  the  waterway,  and  an  average  value 
of  0.0225  was  obtained  in  corrugated  flumes  of  similar  size  and  shape. 
There  was  considerable  curvature  in  the  alignment  of  the  corrugated 
flumes,  however,  so  that  not  all  of  the  increase  in  the  value  of  n  can 
be  ascribed  to  irregularities  in  wetted  perimeter.  It  is  also  possible 
that  the  actual  changes  in  area  of  cross  section  may  have  accounted 
for  a  part  of  the  increased  roughness  in  the  case  of  the  corrugated 
flumes,  inasmuch  as  the  hydraulic  radius  was  only  about  1  foot. 

The  increase  in  average  roughness  factor  from  0.0245  in  the  upper 
section  of  the  Miami  River  cut-off  channel  at  Dayton  to  0.0285  in  the 
lower  section,  see  numbers  21  to  25  in  table  9,  was  undoubtedly  due  to 
this  condition.  In  fact,  the  actual  increase  of  0.004,  shown  by  the 
above  values,  probably  does  not  represent  the  entire  effect  due  to 
the  irregularities  in  the  wetted  perimeter  of  the  lower  section,  inas- 
much as  the  material  in  the  lower  section  consisted  of  clay  while  that 
in  the  upper  section  consisted  of  gravel.  It  is  probable  that  an  in- 
crease of  0.006  would  be  about  the  correct  measure  of  the  roughness 
caused  by  the  greater  irregularities  in  the  wetted  perimeter  of  the 
lower  section. 

The  comparatively  high  values  obtained  in  canals  dug  by  dipper 
dredges  are  probably  due  mostly  to  irregularities  in  wetted  perimeter. 
Experiments  40  to  45  in  table  9,  made  in  Arkansas  drainage  canals, 
where  the  average  value  of  n  was  .034,  are  typical  of  such  ditches. 
In  these  experiments  irregularities  in  cross  section  may  have  accounted 
for  a  part  of  the  increase  in  roughness  factor  over  the  values  shown 
in  the  upper  section  of  the  cut-off  channel.  However,  considering  the 
fact  that  the  material  forming  the  wetted  perimeter  of  the  Arkansas 
ditches  was  clay  while  that  in  the  upper  section  of  the  cut-off  channel 
was  gravel,  it  seems  possible  that  a  value  of  as  much  as  0.010  may 
represent  the  effect  of  the  irregularities  in  the  wetted  perimeter  in 
these  experiments. 

Irregularities  in  Cross  Section 

Changes  in  the  size  and  shape  of  the  cross  section  should  be  con- 
sidered as  well  as  the  irregularities  in  the  wetted  perimeter.  While 
a  gradual  increase  or  decrease  in  total  area  of  flow  space  does  not 
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have  an  appreciable  influence  on  the  roughness,  a  continued  alter- 
nation of  large  and  small  sections  may  necessitate  the  use  of  a  some- 
what larger  value  of  n.  Changes  in  the  shape  of  the  channel,  if  of 
such  nature  as  to  cause  a  continuous  movement  of  the  thalweg  from 
side  to  side,  will  produce  the  same  effect.  The  high  roughness  factor 
of  0.036  obtained  for  the  Miami  and  Erie  Canal  in  Dayton,  number 
37  in  table  9,  after  all  vegetation  had  been  removed  from  the  wetted 
perimeter,  was  due  mostly  to  this  effect. 

At  Hamilton,  irregularities  in  cross  section  in  the  stretch  below 
the  High-Main  Street  bridge,  together  with  a  slight  curvature  in 
alignment,  caused  the  value  of  n  to  rise  to  0.030.  In  the  stretch  above 
the  bridge,  where  the  cross  section  was  comparatively  uniform,  a  value 
of  0.025  obtained,  see  numbers  26  and  27  in  table  9. 

The  comparatively  high  values  of  n  obtained  on  the  lower  Mis- 
sissippi River,  varying  from  0.031  to  0.035  for  numbers  66  to  84,  see 
table  9,  for  a  channel  about  a  half  a  mile  in  width  carrying  a  discharge 
of  about  a  million  second  feet,  are  apparently  due  in  the  greater  part 
to  irregularities  in  size  and  shape  of  cross  section,  although  there  was 
considerable  curvature  in  alignment. 

Liability  of  Silting  or  Scouring 

The  liability  of  silting  or  scouring  should  be  taken  into  account 
since  such  conditions  may  greatly  modify  the  wetted  perimeter.  Silt- 
ing may  change  a  very  irregular  channel  into  a  comparatively  uni- 
form one,  while  scouring  may  do  the  reverse.  The  lower  section  of 
the  Miami  Biver  cut-off  channel,  referred  to  in  discussing  irregulari- 
ties in  bed  and  sides,  where  the  material  was  a  dense,  heavy  clay, 
would  have  had  a  much  lower  roughness  factor  if  the  cross  section  had 
been  cut  to  a  uniform  shape  and  the  velocities  kept  low  enough  to 
prevent  scour.  In  this  case  the  erosion  was  responsible  for  the  irreg- 
ularities and  consequently  for  the  increase  of  about  0.006  in  the  value 
of  n,  previously  given  as  a  measure  of  the  effect  of  the  irregularities. 
The  uniformity  of  the  cross  section  in  the  upper  part  of  the  cut-off, 
where  the  material  consisted  of  gravel  and  sand,  was  not  affected  by 
the  high  velocities,  since  the  gravel  and  sand  eroded  uniformly. 
Thus  the  effects  of  erosion  on  the  roughness  factor  are  dependent  on 
the  material  forming  the  wetted  perimeter. 

It  is  quite  likely  that  the  Arkansas  drainage  canals,  also  previously 
mentioned,  will  become  smoother  as  silting  fills  up  some  of  the  irreg- 
ularities in  the  wetted  perimeters.  This  effect  may  not  become  notice- 
able, however,  if  vegetation  is  allowed  to  develop  along  the  banks. 
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Alignment 

The  alignment  of  the  stream,  although  comparatively  unimport- 
ant in  most  cases  occurring  in  practice,  is  a  factor  that  should  be  in- 
vestigated. In  the  small  irrigation  canal,  described  by  E.  G.  Hopson, 
see  Engineering  Record,  Volume  64,  page  80,  229  degrees  of  curva- 
ture on  a  50-foot  radius  with  a  reversal  in  direction  near  the  center 
caused  an  increase  in  n  from  about  0.014  to  about  0.019.  This  is 
undoubtedly  an  exceptional  case;  yet  it  illustrates  the  necessity  of 
investigating  this  factor. 

The  curvature  in  the  corrugated  semi-circular  flumes  described  in 
Bulletin  194  of  the  Colorado  Agricultural  College  has  already  been 
referred  to;  as  has  also  the  curvature  in  the  lower  Mississippi  Biver 
experiments  described  in  chapter  lY.  It  is  probable  that  in  both  of 
these  cases  the  roughness  factors  were  raised  about  0.002  or  0.003  by 
the  curvatiu^  alone. 

The  amount  of  increase  in  the  value  of  n  for  a  given  channel  due 
to  the  presence  of  curvature  probably  depends  chiefly  upon  the  num- 
ber of  curves,  the  radii  of  the  curves,  and  whether  or  not  there  are 
sudden  reversals  in  the  direction  of  curvature.  The  actual  length  of 
the  curves  probably  does  not  have  much  effect  on  the  amount  of  the 
retardation  due  to  their  presence.  The  increased  roughness  is  prob- 
ably brought  about  by  the  changes  in  velocity  distribution  and  water 
surface -level  necessary  when  the  flow  enters  or  leaves  the  curved 
stretches  rather  than  in  the  continued  flow  in  a  given  curve. 

Vegetation 

Vegetation  often  causes  a  very  noticeable  reduction  in  capacity. 
The  effect  of  aquatic  plants  is  well  shown  by  the  experiments  on  the 
Miami  and  Erie  Canal,  described  in  chapter  IV,  numbers  35  to  37  in 
table  9,  where  the  cleaning  out  of  the  vegetation  from  the  bottom 
and  sides  reduced  the  roughness  factor  from  0.047  to  0.036.  Cleaning 
the  vegetation  from  the  banks,  alone,  had  the  effect  of  reducing  the 
value  of  n  from  0.047  to  0.042. 

The  retarding  action  of  weeds  may  be  illustrated  by  the  observa- 
tions on  the  Miami  River  in  Dayton,  also  described  in  chapter  IV. 
In  this  case  the  value  of  n,  determined  in  July,  1915,  when  the  edges 
of  the  channel  and  a  large  part  of  the  bottom  was  covered  with  weeds 
as  high  as  a  man's  head,  was  about  0.030;  while  in  the  winter,  after 
the  weeds  had  been  cleared  out,  the  roughness  factor  was  about  0.025. 
A  similar  effect  has  been  noticed  at  several  of  the  gaging  stations  in 
the  Miami  Valley. 
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The  effect  of  trees  and  bushes  in  the  water  along  the  banks  of  a 
channel  is  shown  by  the  experiments  made  on  the  Miami  River  at 
Tadmor,  described  in  chapter  IV,  in  which  the  value  of  n  was  raised 
from  0.025  when  there  was  no  vegetation  on  the  wetted  perimeter  to 
0.032  when  the  flow  extended  into  the  trees  and  bushes.  This  was 
in  a  channel  about  200  feet  wide  carrying  about  10,000  second  feet 
at  the  higher  stages. 

In  selecting  a  value  of  n  for  use  in  computing  the  capacity  of  an 
open  channel  containing  vegetation  consideration  should  be  given  to 
the  nature  of  the  vegetation,  its  size  in  comparison  with  the  size  of 
the  channel,  the  amount  of  the  wetted  perimeter  covered,  the  length 
of  the  channel  in  which  it  occurs  and  its  thickness  and  distribution. 

Obstructions 

The  presence  of  obstructions  such  as  log  jams,  bridge  piers,  and 
the  like,  also  tends  to  increase  the  value  of  n  for  a  given  case.  The 
log  jams  existing  in  the  Bogue  Fhalia,  described  in  chapter  lY,  prob- 
ably account  to  a  certain  extent,  at  least,  for  the  imusually  high  values 
of  n  obtained  in  those  experiments.  It  is  possible  that  they  also 
account  for  a  part  of  the  rather  unusual  variation  in  results.  The 
effect  of  vegetation,  discussed  above,  is,  in  reality,  only  a  special  case 
of  the  effect  of  obstructions  in  the  channel.  The  amount  of  the  in- 
crease in  roughness  factor  due  to  the  presence  of  obstructions  is,  of 
course,  dependent  on  the  nature  of  the  obstructions,  their  number, 
and  their  distribution. 

-Size  of  Channel 

The  size  of  the  stream  is  a  factor  that  should  be  remembered  al- 
though it  is  probably  not  important  in  the  case  of  open  channels. 
There  is  really  no  satisfactory  evidence  on  this  point.  Measurements 
in  concrete  lined  canals,  such  as  those  given  in  Bulletin  194  of  the 
U.  S.  Department  of  Agriculture,  have,  at  times,  indicated  a  tendency 
toward  a  decrease  in  n  with  an  increase  in  hydraulic  radius.  That 
this  should  be  the  case  seems  prefectly  reasonable.  It  is  also  reason- 
able to  assume  that  a  channel  as  large  as  that  of  the  Mississippi  River 
with  a  wetted  perimeter  made  up  of  coarse  gravel  and  stones,  may  have 
the  same  roughness  coefficient  as  a  small  ditch  whose  perimeter  is 
composed  of  sand. 

This  variation  of  n  with  R  is  very  difficult  to  determine  in  earth 
channels.  For  any  considerable  range  in  stage  we  can  never  be  sure 
that  the  character  of  the  material  is  the  same  throughout,  that  the 
irregularities  in  wetted  perimeter  or  in  size  or  shape  of  cross  section 
are  constant,  or  that  the  effect  of  vegetation  is  the  same.    In  natural 
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river  channels  on  increase  in  roughness  factor  with  an  increase  in 
stage  is  often  caused  by  conditions  along  the  banks.  Streams  that, 
during  low  water,  are  regular,  free  from  obstructions,  and  in  which 
the  flow  is  comparatively  uniform,  often  become  just  the  reverse  dur- 
ing flood  stages  on  account  of  irregularities  in  banks  or  on  account  of 
the  growth  of  weeds,  bushes,  and  trees  that  generally  line  such  water 
courses.  The  observations  on  the  Miami  River  at  Tadmor,  described 
in  chapter  IV,  constitute  a  typical  illustration  of  such  effects.  The 
large  variation  in  the  case  of  the  Irrawaddy  measurements  is  prob- 
ably due  to  some  definite  change  in  roughness  rather  than  to  the  vari- 
ation in  R.  The  effect  of  the  log  jams  on  the  Bogue  Phalia  data  has 
already  been  noted.  It  is  probable  that  in  most  cases  of  open  natural 
channels  the  change  in  n  with  change  in  stage  is  due  to  other  causes 
than  the  increase  or  decrease  of  the  hydraulic  radius. 

Determining  n  f  or  a  Given  Channel 

All  of  the  above  mentioned  conditions  should  be  studied  in  deter- 
mining a  value  of  n  for  a  given  channel.  They  may  alter  by  100  per 
cent  or  more  the  value  which  would  be  chosen  if  the  nature  of  the 
material  alone  were  considered.  The  value  of  0.025  which  is  appli- 
cable for  a  smooth,  uniform,  straight  channel  in  gravel,  free  from 
vegetation  or  other  obstructions,  may  be  increased  20  per  cent  or 
more  by  the  pressure  of  irregularities  in  the  wetted  perimeter,  by  irreg- 
ularities in  cross  section  or  by  the  presence  of  vegetation;  or  it  may  be 
increased  10  per  cent  or  more  by  curvature  in  aUgnment  or  by  ob- 
structions. 

In  selecting  a  value  of  n  for  use  in  designing  new  channels,  liability 
of  silting  or  scouring  should  be  considered.  If  the  proposed  channel 
is  to  be  excavated  through  clay  material  and  scouring  is  Ukely  to 
occur  the  value  selected  should  be  20  per  cent,  or  more,  larger  than  the 
proper  value  for  a  smooth  uniform  channel  in  such  material  in  which 
scouring  will  not  occur.  If  silting  is  expected  to  take  place  the  effect 
of  irregularities  in  wetted  perimeter  due  to  methods  of  excavation  may 
be  discounted  somewhat.  Although  the  influence  of  some  of  these 
factors  has  been  frequently  mentioned,  their  importance  has  not  been 
generally  emphasized,  especially  in  textbooks  on  hydraulics.  The 
practice  of  basing  the  value  of  n  entirely  upon  the  kind  of  material 
forming  the  wetted  perimeter,  as  is  quite  common,  cannot  be  too 
strongly  condemned.  The  selection  of  the  proper  roughness  coef- 
ficient for  a  g  ven  case  required  the  exercise  of  engineering  judgment, 
not  merely  a  statement  as  to  whether  the  channel  is  in  earth  or  in 
concrete. 
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USE  OF  THE  FORMULA 

It  should  be  remembered  that  Kutter's  formula  expressed  the 
value  of  C  in  terms  of  R,  S,  and  n,  and  that  in  practice  it  is  combined 
with  the  Chezy  formula, 

By  their  combined  use,  if  any  three  of  the  five  quantities  7,  R,  8, 
C,  and  n  are  given,  the  other  two  can  be  calculated. 

These  computations  are  facilitated  by  the  use  of  tables.  Traut- 
wine's  Pocketbook,  pages  566-570  in  the  19th  edition,  contains  tables 
of  the  coefficient  C;  while  Bellasis  in  his  Hydraulics  with  Tables,  gives 

values  for  C  and  C  Vfi  for  the  range  in  slope  and  hydraulic  radius 
most  frequently  met  with  in  practice  and  for  a  carefully  selected  range 
of  the  values  of  n.  The  Hydraulic  and  Excavation  Tables,  published 
by  the  U.  S.  Reclamation  Service,  contain  elaborate  tables  giving  the 
velocities  corresponding  to  various  values  of  n,  S,  and  R,  as  well  as 
compact  and  convenient  tables  of  the  coefficient  C.  The  last  noted 
have  been  extended  extensively  by  the  State  Reclamation  Depart- 
ment of  Texas  and  have  been  published  in  their  Bulletin  No.  6  entitled 
Tables  of  Velocity  of  Water  in  Open  Channels  derived  from  Kutter's 
Formula. 

In  the  original  publication  by  Ganguillet  and  Kutter  a  method  of 
solving  their  formula  graphically  was  explained.  Later  Hering  showed 
how  a  simple  graphical  solution  of  the  Chezy  formula  could  be  added 
to  the  same  diagram.  The  translation  contains  a  larg^  scale  copy  in 
English  units  of  the  original  diagram,  with  an  explanation  of  Heiing's 
addition  to  it.  Several  other  diagrams  of  somewhat  similar  nature 
have  appeared  from  time  to  time,  but  that  published  by  Kennison 
in  the  Engineering  News  in  1912  is  probably  the  simplest  and  most 
satisfactory  so  far  devised. 

In  connection  with  the  design  of  open  channels  the  engineer  fre- 
quently meets  the  question:  "If  my  estimate  of  the  value  of  n  is 
wrong  by  a  certain  percentage,  what  per  cent  of  error  or  imcertainty 
will  there  be  in  my  estimate  of  the  discharge  for  a  fixed  slope,  or  of 
the  required  slope  for  a  given  discharge?" 

In  an  article  in  Engineering  News  in  1912,  Professor  Schoder  gives 
a  simple  diagram  for  the  determination  of  the  relations  in  question. 
His  conclusions  are  as  follows: 

Other  things  being  equal,  (1)  the  slope  S  varies  as  n',  almost  exactly  for  all 
values  of  the  hydraulic  radius  R  greater  than  1  foot;  (2)  the  velocity  V  varies  in- 
versely as  n,  exactly  for  R  equals  about  2  feet  and  approximately  for  other  values. 

Corresponding  to  these  relations  we  may  state  that  a  certain  per  cent  of  un- 
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certainty  in  the  value  of  the  coefficient  n  produces:  (A)  double  that  per  cent  of  un- 
certainty in  the  slope  necessary  for  a  fixed  discharge,  and  ifi)  the  same  per  cent 
of  uncertainty,  but  in  opposite  direction,  in  the  velocity  or  discharge  resulting  from 
a  fixed  slope,  if  the  slope  is  assumed  to  be  greater  than  0.0001. 

As  an  illustration  of  the  convenience  of  this  knowledge,  suppose  that  in  designing 
a  canal  it  is  uncertain  what  value  in  the  range  between  0.017  and  0.020  to  choose  for 
n.  This  is  an  uncertainty  of  about  8  per  cent  either  way  from  the  mean  value,  and 
rq>resents  a  probable  occurrence  in  practice.  We  can  state  at  once  that  the  un- 
certainty in  discharge,  as  caused  by  ignorance  concerning  n,  will  be  about  8  per  cent, 
and  in  required  slope  about  16  per  cent. 

CONCLUSIONS 

Our  conclusions  regarding  the  Kutter  formula  from  the  standpoint 
of  its  value  in  comparison  with  other  formulas,  will  be  taken  up  in 
chapter  X.  We  may  say  here,  however,  that  our  studies  have  led  us 
to  conclude  that  this  equation  is  based  on  essentially  correct  principles. 

The  case  against  the  formula  may  be  summed  up  in  the  statement 
that  its  antecedents  were  not  all  of  the  highest  character.  While  cal- 
culations of  velocity  for  large  streams  must  be  referred  to  meter  meas- 
urements of  known  accuracy  in  waterways  of  similar  dimensions  and 
character,  it  must  be  acknowledged  that  results  by  this  equation  are 
generally  acceptable,  if  not  always  wholly  satisfactory.  It  is  possible 
that  some  future  investigator  working  with  methods  similar  to  those 
employed  by  Ganguillet  and  Kutter,  and  using  modem  data  of  un- 
questioned accuracy  from  a  wide  range  of  streams,  may  be  able  to 
improve  the  mechanical  features  of  the  formula.  It  is  quite  prob- 
able that  the  rather  clumsy  coefficients,  appearing  in  the  formula  for 
the  English  system  of  imits,  could  be  replaced  by  round  numbers.  It 
is  also  probable  that  the  terms  introduced  on  account  of  the  slope 
would  be  changed  slightly  if  redete  mined  from  recent  data. 

While  the  equation  is  complicated,  and  its  application  rendered 
difficult  by  the  fact  that  the  value  of  its  coefficient  depends  upon  other 
factors  besides  the  nature  of  the  material  in  the  bed,  it  has  merits  of 
a  high  order.  Moreover,  the  fact  that  the  formula  is  known  to  engi- 
neers everywhere  is  a  source  of  great  advantage.  The  experience  of 
many  men  has  shown  clearly  that  it  cannot  be  used  mechanically; 
but  such  experience  has  also  proved  that  with  practice,  and  by  a  care- 
ful study  of  measured  and  calculated  results  on  streams  similar  to 
those  with  which  he  has  to  deal,  the  engineer  by  its  use  can  arrive  at 
reliable  results. 
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CHAPTER  VI.— THE  BAZIN  FORMULA 

INTRODUCTION 

Probably  no  engineer  has  contributed  more  to  our  knowledge  of 
the  flow  of  water  in  open  channels  than  has  H.  Bazin^  a  noted  French 
hydraulician.  Bazin  completed  and  described  the  extensive  series  of 
experiments  that  was  begun  by  Darcy  at  Dijon,  France,  under  the 
authority  of  the  French  government.  These  investigations  of  Darcy 
and  Bazin  were  carried  on  during  the  years  1855  to  1862  and  were 
published  in  1865  and  1866  in  two  large  volumes  entitled  Recherches 
Hydrauliques.  In  1897,  Bazin,  after  an  extended  study  of  his  earlier 
measiu^ments  and  also  of  all  the  available  similar  material  that  had 
been  accumulated  up  to  that  time,  proposed  a  new  formula  for  com- 
puting the  velocity  of  water  in  open  channels,  in  an  article  in  Annales 
d  s  Fonts  et  Chauss^es,  4th  Trimestre,  No.  41,  entitled  £tude  d'une 
nouvelle  formule  pour  Calculer  le  D6bit  des  Canaux  D6couverts,  A 
New  Formula  for  the  Calculation  of  Discharge  of  Open  Channels. 

Although  brief  abstracts  of  this  paper  have  been  printed  in  the 
engineering  periodicals  and  in  various  textbooks  on  hydraulics,  so  far 
as  is  known  no  English  translation  has  ever  been  published.  There 
is  need  of  such  a  translation,  since  the  formula  has  met  with  consider- 
able favor.  It  has  been  considered  valuable  by  many  hydraulicians; 
and  superior  to  Kutter's,  by  a  few  of  our  most  prominent  engineers. 

This  chapter  contains  a  fairly  complete  translation  of  the  work. 
Although  it  has  been  rearranged  and  rewritten  in  order  to  present  the 
subject  natter  clearly  and  concisely,  all  points  and  ideas  set  forth  by 
the  author  have  been  preserved  intact.  As  a  criterion  of  the  formula, 
tables  listing  the  data  from  which  the  deductions  for  each  class  were 
made  have  been  included ;  but  the  long  tables  giving  the  elements  of  the 
individual  measurements  have  been  omitted  since  they  are  chiefly  of 
interest  to  investigators.  Moreover,  anyone  who  is  sufficiently  inter- 
ested can  readily  secure  the  original  publication. 

The  table  giving  values  of  C  and  1/C  for  metric  units  has  been  re- 
placed by  a  table  of  C  for  English  units,  see  page  173.  This  table  ha« 
been  made  much  more  complete  than  those  heretofore  published. 
Coefficients  corresponding  to  several  values  of  both  m  and  R  not 
usually  given  have  been  computed  and  included.  With  this  exception 
all  tables  and  formulas  given  in  this  translation  are  for  use  with 
metric  units. 

It  should  be  noted  that  where  Bazin  refers  to  cement,  it  is  not 
clear  whether  he  means  natural  or  Portland  cement.    Since  the  latter 
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has  only  come  into  extended  use  within  the  past  thirty  years,  it  is 
probable  that  the  works  referred  to  were  constructed  for  the  greater 
part  with  natural  cement. 

Bazin's  formula  in  metric  units  is 


1+" 


In  English  imits  it  is 


V  = 


Vfi 


87Vfl5 

m 
0.552  + 


Vfl 


where  values  of  m  are  the  same  as  in  the  metric  system. 

A  discussion  of  the  merits  of  this  formula  and  its  value  in  compar- 
ison with  Kutter's  and  others  will  be  found  in  chapter  X. 

CONDENSED  TRANSLATION  OF  BAZIN'S  PAPER 

Since  the  researches  of  Darcy  made  clear  the  influence  on  the  dis- 
charge of  a  channel  exercised  by  the  roughness  of  the  bed  and  sides, 
the  amount  of  experimental  data  has  been  remarkably  increased. 
Numerous  formulas  have  been  developed  using  these  results,  but  no 
one  has  appeared  to  be  entirely  satisfactory.  This  is  not  surprising 
for  the  irregularities  of  the  wetted  perimeter  become  a  more  import- 
ant factor  in  channels  of  small  size,  an  effect  which  can  not  be  deter- 
mined with  sufficient  exactness  to  be  capable  of  mathematical  expres- 
sion. From  a  practical  viewpoint  it  is  necessary  to  be  satisfied  with 
empirical  formulas  as  simple  as  possible.  Undoubtedly,  it  is  possible 
by  complicating  the  terms  to  devise  a  formula  which  represents  closely 
a  selected  series  of  experimental  results.  But  this  apparent  accuracy 
is  not  maintained  when  the  formula  is  applied  to  other  conditions. 
It  is  always  necessary  to  determine  by  comparison  with  analogous 
cases  the  value  of  an  arbitrary  coefficient  corresponding  to  the  con- 
dition of  the  wetted  perimeter.  The  necessity  for  the  exercise  of 
judgment  cannot  be  escaped,  and  in  it  the  personal  experience  of  the 
engineer  must  be  utilized. 

AsHhe  author  has  shown  in  a  previous  study,*  formulas  made  up 
of  a  single  term,  such  as 

fit  S"  =  C7* 

in  which  R  is  the  hydraulic  radius;  S  is  the  slope;  V  is  the  average 

*  Etude  comparative  des  formules  nouvellement  proposees  pour  calculer  le 
debit  des  canaux  decouverts.    Annales  des  Fonts  et  Chauss^,  1871. 
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velocity;  C  is  a  numerical  coefficient;  m,  n,  and  p  are  constant  expo- 
nents, should  not  be  employed  for  general  use  because  of  their  extreme 
simplicity.    They  are  useful  only  within  a  restricted  range  of  special 
cases,  and  are  inaccurate  as  soon  as  appUed  outside  of  this  range. 
Next  to  the  monomial  form,  the  most  simple  formula  is 

^-a  +  l  (15) 

in  which  A  equals  R8/V*  and  a  and  P  are  constants.  This  is  the  form 
adopted  by  Darcy  at  the  conclusion  of  his  experiments  in  1850  on 
conduits.  It  is  very  convenient  for  pipes  on  account  of  the  constant 
cross  section,  and  on  account  of  the  small  value  of  the  coefficient  /3. 
It  is  less  suitable  to  open  channels  in  which  the  variation  of  the  cross 
section  and  the  nature  of  the  wetted  perimeter  make  a  and  fi  vary 
between  extended  limits.  Nevertheless  it  has  been  used  in  discussing 
the  experiments  subsequently  undertaken  by  Darcy,  and  concluded 
by  the  writer.  # 

This  form  is  open  to  two  objections:  first,  no  relation  can  be  found 
between  a  and  /3,  the  latter  coefficient  increasing  very  rapidly  with 
the  roughness  of  the  wetted  perimeter;  and  second,  if  the  hydraulic 
radius  R  is  indefinitely  increased,  the  limit  approached  by  the  frac- 
tion A  is  different  for  each  class  of  surface.  We  would  expect,  on 
the  contrary,  that  if  the  size  of  the  channel  is  indefinitely  increased, 
with  the  character  of  the  bed  remaining  constant,  the  effect  of  the 
roughness  ought  gradually  to  diminish,  and  that  consequently  all 
values  of  A  for  all  classes  ought  to  converge  gradually  towards  a 
common  limit. 

A  relation  between  a  and  fi  can  be  most  easily  obtained  by  sub- 
ftituting  for  A  and  R  their  square  roots  which  change  less  rapidly. 
This  gives 

<A^a+^  (16) 

With  this  form  sufficiently  close  results  can  be  obtained  by  assuming 
that  a  remains  constant,  in  consequence  of  which  the  values  of  A  for 
various  degrees  of  roughness  all  converge  toward  the  limit  a.  The 
coefficient  P  thus  becomes  the  characteristic  of  the  channel  rou^mess. 
In  1869,  Ganguillet  and  Kutter  started  from  equation  16,  writing 
it  in  the  following  equivalent  form: 


-'b-dm]-^' 
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Assuming  next  for  a  the  constant  value  100,  they  proposed  to 
assign  to  b  twelve  different  values,  increasing  from  0.12  to  2.44.  But 
later  they  destroyed  the  simplicity  of  this  expression  by  making  these 
coefficients  depend  on  the  slope  S,  this  being  done  for  the  purpose  of 
including  some  exceptional  results  of  observations  made  by  Hum- 
phreys and  Abbot  on  the  Mississippi  River.  Their  final  formula, 
whose  use  has  become  very  widespread  in  spite  of  its  complicated 
form,  is,  in  metric  imits: 

^„   ,  0.00155  .   1 

23  +  -^—  +  - 

y   =  7 r.^.... "^  (17) 

where  n  is  the  coefficient  of  roughness.    By  placing: 

o 
formula  17  may  be  put  into  the  form: 

In  this  form  it  is  evident  that,  when  R  equals  1  meter,  Va  will 
become  equal  to  n  and  is  independent  of  the  slope.  The  factor  in 
the  parenthesis  changes  sign  according  as  J2  is  less  than  or  greater 

than  1  meter.  Hence  the  influence  of  the  slope  on  the  value  of  Va 
likewise  reverses  on  the  opposite  sides  of  this  arbitrary  limit.  Fur- 
thermore, the  influence  of  slope  is  appreciable  only  for  extremely  small 
slopes.  As  soon  as  S  exceeds  0.001  the  term  0.00155/iS  ceases  to  have 
any  appreciable  effect  upon  the  value  of  Kn/{1  +  Kn),  which  scarcely 
differs  from  its  original  limit:  23n/(l  +  23n). 

Returning  to  formulas  15  and  16;  four  classes  of  surface  were  dis- 
tinguished by  formula  15  as  follows:* 

1.  Very  smooth  duumd  linings A  =  0.00015  (  ^  +    p-  ) 

2.  Smooth  linings A  «  0.00019  (l  +  ^^) 

3.  Slightly  rough  linings A  -  0.00024  (l  +  ^) 

4.  Channels  in  earth A  =- 0.00028  ( 1  +  ^  )  • 

* 

*  Recherches  Hydrauliques,  Darcy-Bazin,  Paris,  1865. 
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In  using  the  second  formula  it  is  necessary  to  take  for  a  the  constant 
value  0.0115,  giving  to  fi  the  values  corresponding  with  the  roughness 
of  the  wetted  perimeter  from  0.0007  for  a  very  smooth  surface  to  0.0150 
for  banks  in  earth.  The  corresponding  values  of  n  in  the  formula  of 
Ganguillet  and  Kutter  vary  between  0.010  and  0.025. 

Graphical  Comparison  of  Bazin  and  Kutter  Formulas 

The  comparison  of  these  different  formulas  with  the  results  of 
measurements  is  more  easily  made  by  the  use  of  a  diagram,  as  in 

figure  42.    Assuming  as  ordinates  y  the  values  of  VA  and  as  abscissas 

X  values  of  l/Vfi  the  new  equation  will  be  written: 

y  =  0.0115  +  fix  (19) 

or  better  still,  substituting  m  for  the  fraction  fi/a, 

y  =  0.0115  (1  +  wx),  (20) 

since  different  values  of  this  equation  will  be  represented  by  a  pencil 
of  straight  lines  radiating  from  the  point  (0,  0.0115).  The  angle  be- 
tween these  lines  and  the  x  axis  increases  with  the  roughness  of  the 
wetted  perimeter. 

Kutter's  formula  written  similarly  is: 

J'  =  »  +  T^^  (*  -  1)  <21) 

1  +  Kn 

This  equation,  instead  of  being  represented  by  a  single  pencil  of 
straight  lines,  is  represented  by  a  series  of  pencils  radiating  from  dif- 
ferent points,  there  being  a  separate  one  for  each  value  of  n.  Each 
pencil  radiates  from  the  point  (1,  n),  and  is  bounded  by  the  two 
straight  lines  corresponding  to  the  limiting  values  of  S,  S  equals  oo 
and  S  equals  0,  and  having  for  the  tangents  of  the  angles  they  make 
with  the  x  axis  the  values  23n^/(l  +  23n)  and  n  respectively.  The 
slope  of  all  intermediate  lines,  being  dependent  on  the  quantity 
0.00155/iS,  increases  in  proportion  as  S  diminishes.  In  order  not  to 
complicate  the  diagram  only  the  lines  corresponding  to  the  slopes  of 
0.001  and  0.0001  are  indicated,  except  for  the  fourth  class  for  which 
there  has  been  added  the  line  for  the  very  small  slope  of  0.00004. 
The  lines  which  correspond  to  slopes  greater  than  0.001  almost  exactly 
coincide.  In  fact,  the  tangent  of  the  angle  that  the  lower  limiting 
line,  corresponding  to  a  slope  of  oo,  makes  with  the  x  axis  is  0.00187 
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for  n  equal  to  0.010  and  0.00913  for  n  equal  to  0.025;  while  for  S  equals 
0.0010  the  corresponding  values  are  but  0.00197  and  0.00951,  only 
slightly  different.    The  result-s  of  measurements  are  represented  by 

points  having  for  coordinates  the  values  of  XA  and  1/  Vfi  correspond- 
ing to  the  measured  values.  However,  since  they  are  so  numerous 
that  the  diagram  would  be  very  confused  if  all  were  included  they 
have  been  collected  into  groups  having  similar  values,  and  each  group 
has  been  represented  by  a  point  corresponding  to  the  average  for  the 
group. 

The  data  for  each  class  is  given  in  the  tables.  These  show  the 
particular  conditions  obtaining  for  each  measurement  and  serve  as 
the  basis  for  a  rational  classification.  As  far  as  possible  the  methods 
of  determining  the  average  velocity  are  indicated,  since  these  furnish 
an  indication  of  the  accuracy  of  observations  and  accordingly  of  their 
comparative  value. 

Class  I.— Very  Smooth  Surfaces  of  Polished  Cement,  Planed  Timbeiy 

etc.,  m  =»  0.06 

The  experiments  which  are  listed  in  table  27  are  few  in  number, 
but  easily  comparable  on  account  of  the  definite  nature  of  the  sur- 
faces. They  may  be  divided  into  two  distinct  groups;  first,  the  ob- 
servations on  small  channels,  such  as  the  rectangular  canal.  Series  2, 
in  which  R  did  not  exceed  0.20  meters;  and  second,  the  recent  obser- 
vations on  the  aqueducts  at  Naples  and  Boston,  and  particularly 
those  on  the  Gavour  Canal,  in  which  R  reached  the  value  2.20  meters. 

It  is  evident  from  an  inspection  of  the  diagram  that  the  straight 
line 

y  =  0.0115  (1  +  0.06a:), 

corresponding  to  the  new  formula,  passes  almost  through  the  center 
of  the  zone  occupied  by  the  points  representing  the  measurements. 
The  pencil  of  lines  corresponding  to  Kutter's  formula  with  n  equals 
0.010  has  too  great  an  inclination  and  crosses  the  zone  diagonally. 
Although  it  represents  sufficiently  well  the  observations  on  small 
channels,  the  only  ones  which  were  available  to  Ganguillet  and  Kut- 
ter,  it  leaves  the  other  observations  on  one  side.  The  discrepancy 
increases  with  the  hydraulic  radius  R  and  reaches  as  much  as  25  per 
cent  for  the  Cavour  Canal.  If  the  value  of  the  coefficient  n  should 
be  increased  in  order  to  adapt  the  formula  to  large  cross  sections,  the 
whole  pencil  of  hnes  would  be  raised  in  proportion  and  would  then 
fail  to  represent  the  observations  on  small  channels. 

The  unimportant  differences  which  are  evident  for  the  interme- 
diate results  are  easily  explained  by  reference  to  the  descriptions  of 
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Identification  of  Points  on  Figure  42 

I.  Results  taken  from  RecherchesHydrauliques;  designated  by  series 
numbers. 

A.  Experimental  Channels, 

Cement — No.  2,  rectangular;  No.  24,  semi-circular; 

Brick    — No.  3,  rectangular; 

Timber  — Nos.  6  to  11  and  18  to  20,  rectangular, 

Nos.  21  to  23,  trapezoidal  and  rectangular; 

No.  26,  semi-circular. 

B.  Bourgogne  Canal, 

Channel  at  Chazilly,  Nos.  36  to  43, 

Channel  at  Grosbois,  Nos.  44  to  50, 

Discharge  Channel,  Grosbois  Reservoir,  Nos.  32  and 

33, 
Discharge  Channel,  Reach  52,  Nos.  34  and  35. 

II.  Miscellaneous  Observations  collected  from  Various  Sources. 


Aa. — River  Aa. 
An. — Naples  aqueduct. 
Ca. — Cavour  Canal,  bridge  aque- 
duct at  Cervo. 
Cg. — Ganges  canal. 
Pb. — Boston     aqueduct,    bridge 

aqueduct      of      Charles 

River. 
Pr. — Marseilles     canal,     bridge 

aqueduct     at     Roquefa- 

vour. 
Td. — Cement  conduit,  Dijon. 
Ab. — Boston  aoueduct. 
Ag. — Glasgow  aqueduct. 
Ay. — New  York  aqueduct. 
Pc. — Craponne      canal,      bridge 

aqueduct  at  Crau. 
Po. — River  Po  at  Fossa  d'Albero. 
CI. — Linth  canal. 
Ct. — Lauter  canal. 
Dj. — Canal  du  Jard. 
Dh. — River  Hayne. 
Irr. — Irrawaddy. 
Ro. — ^Rhone  at  the  mouth  of  the 

Scex. 
Kg. — Millraces  at  Kagiswyl. 
Mis. — Mississippi. 
Mri. — Missouri. 
Rg. — Rhine  at  Germersheim. 
Sd. — Dorchester    Bay    S3rphon, 

Boston. 


Pa. — Ganges  canal,  bridge  canal 
of  Solani. 

Ti.— Tiber  at  Rome. 

Eb.— Elbe  at  Tetschen. 

Fr. — Millraces  at  Freyberg. 

Cm. — Marseilles  cansJ. 

Cv. — Verona  canal. 

Gb. — Experiments  of  Grebenau 
on  small  water  courses. 

Ta.— Tauber. 

Tb. — Boston  aqueduct.  Beacon 
St.  tunnel. 

Th.— Canal  at  Thun. 

Tf. — Outlet  tunnel.  Lake  Fucino. 

Se. — Seine. 

So. — Saone. 

Sz. — Salzach. 

W. — Weser. 

Ce. — Escher  canal. 

Cf. — Collection  canal.  Lake  Fu- 
cino. 

Co. — Chesapeake  and  Ohio  Ca- 
nal. 

Cs. — Simmen  canal. 

Rb. — Rhine  at  Basel. 

Re. — Rhine  near  the  chute. 

Rs. — Rhine  at  Spire. 

Sa. — Saalach. 

Rh. — Rhine  in  Holland. 

Ts.— Tessin. 
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FIG.  42. 

1    SHOWING    THE    AGREEMENT    OF 

kziN     AND     KUTTER      FORMULAS 
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the  wetted  perimeters.    In  the  semi-circular  canal,  Series  24,  the 

perceptible  decrease  of  the  ordinates  Va  for  the-  last  measurements 
of  the  series  is  due  to  the  circular  shape  of  the  canal,  corresponding 
to  the  maximum  discharge  for  a  given  area  of  cross  section.  It  is 
necessary  to  take  account  of  this  property  in  the  case  of  a  cross  sec- 
tion exceptionally  favorable  for  flow.  The  small  value  of  the  coef- 
ficient Va  for  the  aqueduct  of  Naples  is  similarly  explained  by  the 
elliptical  shape  of  the  invert. 

In  the  bridge  aqueduct  of  Roquefavour,  Marseilles  Canal,  how- 
ever, this  quantity  has  a  very  high  value  for  the  reason  that  only  the 
bottom  of  the  invert  is  plastered  in  cement.  The  side  walls  of  brick 
offer  a  very  high  resistance.  It  is  evident  that  the  presence  of  mixed 
surfaces  gives  values  intermediate  between  the  first  and  second  classes. 
The  bridge  aqueduct  of  Cervo,  Cavour  Canal,  presents  similar  con- 
ditions and  yet  the  values  of  Va  appear  rather  small.  It  is  possible 
that  the  value  0.00011  given  for  the  slope  ought  to  be  somewhat 
increased,  since  it  was  taken  as  the  average  of  many  measurements 
on  a  length  of  only  120  meters,  and  coiild  not  be  determined  with 
extreme  accuracy,  as  was  noted  by  Pasini  and  Gioppi  in  their  inter- 
esting Memoirs  of  1893. 

For  a  somewhat  similar  reason  a  series  of  measurements  on  another 
semi-circular  canal,  Series  25,  has  not  been  plotted.  This  canal  was 
similar  to  that  which  was  used  in  Series  24,  except  for  the  fact  that 
the  cement  was  mixed  with  one  third  part  its  volume  of  very  fine 
silicious  sand.    Although  the  surface  of  the  canal  remained  perfectly 

smooth,  this  modification  was  sufficient  to  increase  the  value  of  Va 
nearly  10  per  cent. 

Class  n. — Smooth  Walls  of  Sawed  Timber,  Cut  Stone,  Brick,  etc., 

m  =  0.16 

The  experiments  which  are  listed  in  table  28,  are  very  numerous. 
They  also  may  be  divided  into  two  groups;  first,  the  numerous  obser- 
vations on  timber  flumes;  and,  second,  the  recent  observations  on  the 
large  aqueducts  of  New  York  and  Boston.  To  avoid  confusion,  only 
a  part  of  those  in  the  first  group  have  been  plotted.  It  should  be 
remarked  incidentally,  that  the  coefficients  obtained  for  the  semi- 
circular channel.  Series  26,  are  exceptionally  small,  just  as  was  true 
for  the  semi-circular  channels  of  cement. 

The  collection  of  plotted  points  distributed  about  the  straight  line 

y  =  0.0115  (1  +  0.16x) 
forms  a  similar  straight  zone,  which  converges  towards  that  of  the 
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first  class.  The  pencil  representing  Kutter's  formula  with  n  equals 
0.012  has  still  too  much  inclination  so  that  it  agrees  only  with  the 
observations  on  small  channels,  and  gives  too  small  results  for  the 
Boston  and  New  York  aqueducts,  especially  for  the  latter  where  the 
error  on  account  of  the  very  large  cross  section  amounts  to  nearly 
17  per  cent.  This  discrepancy,  however,  is  less  than  that  found  for 
the  Cavour  Canal  in  Class  I. 

The  most  important  experiments  of  the  group  for  masonry  walls 
are  those  of  Fteley  on  the  aqueducts  of  Boston  and  New  York.  The 
walls  of  these  two  works,  whose  cross  sections  and  dimensions  are  very 
similar,  are  made  of  brick  with  pointed  joints.  Hence  the  cpnditions 
of  flow  seem  almost  identical,  but  nevertheless,  the  coefficients  ob- 
tained as  the  results  of  very  precise  observations  differ  by  6  per  cent. 
This  difference  is  caused  by  details  of  construction  which  are  appar- 
ently of  very  slight  importance.  The  filling  of  the  joints  was  very 
carefully  done  in  the  Boston  Aqueduct.  In  the  New  York  Aqueduct 
it  was  the  same  for  the  invert  but  the  side  walls  were  a  little  less 
carefully  treated.  As  for  the  vault,  the  projecting  ridges  of  mortar 
on  the  center  were  not  entirely  removed,  which  leaves  a  s  ight  rough- 
ness on  the  intrados.  These  notes  indicate  how  much  the  flow  is  in- 
fluenced by  the  state  of  the  wall  surface.  A  Portland  cement  wash 
applied  with  a  brush  on  a  part  of  the  Boston  Aqueduct  sufficed  to 
produce  an  increase  in  discharge  of  2  per  cent. 

Class  m.— Walls  of  Rubble  Masomy,  m  »  0.46 

The  amoimt  of  data  collected  up  to  the  present  time  for  walls  of 
this  nature  is  very  limited,  as  indicated  in  table  29;  furthermore  it  is 
less  definite.  The  new  formula  is  represented  on  the  diagram  by  the 
straight  line 

y  =  0.0115  (1  +  0.46a;). 

Since  in  Eutter's  formula,  with  n  equals  0.017,  the  angular  coefficient 
which  determines  the  general  direction  of  the  pencil  of  lines  increases 
less  rapidly  than  the  coefficient  m,  the  two  formulas  are  almost  ex- 
actly equivalent,  excepting  that  for  the  Verona  aqueduct  Kutter's 
formula  still  gives  a  result  too  small. 

The  most  regular  results  are  those  obtained  from  the  discharge 
channel  of  the  Grosbois  Reservoir  and  those  obtained  in  the  long 
tunnel  of  Soussey.  The  two  walled  portions  above  and  below  the 
Soussey  tunnel.  Series  44  and  46,  did  not  give  entirely  consistent 
results.  Deposits  of  mud  and  small  stones  on  the  bottom  really  pro- 
duced a  mixed  condition  of  surface  approaching  the  condition  of  earth 
channels.    Only  when  the  depth  of  water  was  considerable,  as  in  the 
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last  measurements  of  each  of  the  two  series,  when  R  exceeded  0.45 
meters,  were  the  results  barely  consistent  with  those  of  Series  32, 
33,  and  45. 

In  the  observations  on  the  Marseilles  Canal,  Longchamp  Diver- 
sion, where  the  slope  was  too  great  to  permit  of  the  deposit  of  sedi- 
ment, the  results  vary  considerably  in  spite  of  the  fact  that  the  dis- 
charge was  the  same  for  all  measurements.  It  is  probable,  however, 
that  the  condition  of  the  walls  was  not  constant.  On  the  other  hand, 
the  results  obtained  by  the  Italian  engineers  on  the  Canal  of  Verona, 
in  which  R  reached  the  value  of  1.56  meters,  agree  very  well  with  those 
of  the  Grosbois  outlets. 

The  value  of  Va  obtained  for  the  Elvo  syphon  places  it  within 
the  limits  of  Class  III,  although  its  brick  walls  are  very  likely  smoother 
than  a  rubble  wall.  The  exact  determination  of  the  coefficient  for 
this  syphon  was  especially  difficult  because  it  was  necessary  to  allow 
for  the  contraction  effect  at  the  entrance.  Although  Pasini  and  Gioppi 
made  this  correction  by  means  of  an  experiment  upon  another  short 
aqueduct  syphon,  the  calculation  is  subject  to  some  uncertainty. 

There  is  not  a  sufficient  amount  of  actual  data  to  determine  satis- 
factorily the  coefficients  suitable  for  channels  of  rubble  masonry. 
Some  experiments  in  this  class  would  be  desirable.  It  would  be 
necessary  to  define  carefully  the  manner  of  laying  the  walls,  since 
the  degree  of  smoothness  of  the  perimeter,  especially  in  small  chan- 
nels, affects  greatly  their  discharge. 

Class  IV. —  Mixed  Walls,  Earth  Channels  Newly  Reshaped,  Channels 
Paved  on  a  Portion  of  their  Surface,  etc.,  m=0.85 

The  data  for  this  classification,  given  in  table  30,  includes  surfaces 
of  very  different  natures.  It  is  necessary  to  place  here,  also,  the  ob- 
servations of  Series  44  and  46,  on  masonry  conduits  with  the  invert 
covered  with  mud  and  small  stones,  which  have  already  been  included 
in  Class  III.  There  is  not  sufficient  data  to  enable  a  systematic 
classification  including  carefully  defined  conditions  of  surface.  The 
formula 

y  =  0.0115  (1  +  0.85x) 

is  of  value  only  as  an  approximate  average  on  both  sides  of  which  the 
coefficients  may  vary  within  fairly  wide  limits. 
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Class  V. — Earth  Channels  in  Ordinary  Condition,  m= 1.30 

Although  the  data,  which  is  given  in  table  31,  is  very  extensive 
for  rivers,  there  are  few  observations  on  small  earth  channels  in  nor- 
mal condition,  in  which  the  hydraulic  radius  R  is  less  than  0.50  meters, 
and  scarcely  any  for  intermediate  cases  where  R  is  in  the  neighbor- 
hood of  1  meter.  The  diagram  shows  then  two  separate  groups.  The 
straight  line 

y  =  0.0115  (1  +  1.30x) 

crosses  through  the  middle  of  the  group  representing  E}uropean  streams. 
It  divides  similarly,  the  group  representing  the  observations  on  the 
discharge  conduit  of  the  Bourgogne  Canal,  leaving  at  one  side  only  a 
small  number  of  points.  These  points  correspond  to  the  first  obser- 
vations in  each  series,  that  is  to  say,  to  those  with  the  smallest  dis- 
charge, where  the  effect  of  the  irregularities  of  the  wetted  surface  is 
greatly  increased  on  account  of  the  small  cross  section.  In  this  class, 
the  regular  distribution  of  the  points  which  appeared  in  the  first  two 
classes  is  no  longer  found.  The  points  are  much  more  widely  scat- 
tered on  account  of  the  actual  differences  in  the  condition  of  earth 
banks,  and  also  because  of  the  inaccuracies  of  the  experimental  data. 

The  pencil  of  Unes  corresponding  to  Kutter's  formula  with  n  equals 
0.025  is  too  slightly  inclined  for  it  leaves  above  it  almost  every  one 
of  the  points  corresponding  to  small  values  of  i2.  It  includes  very 
well  the  group  of  observations  on  European  streams  but  without  mak- 
ing apparent  any  relation  with  the  slope;  for  example,  numerous  points 
corresponding  to  the  Seine  and  the  Saone  with  slopes  of  0.0001  and 
0.00004  follow  on  the  Une  which,  according  to  the  formula,  represents 
the  slope  of  0.001.  Similarly,  various  points,  belonging  to  the  Weser 
with  slopes  of  from  0.00020  to  0.00050  follow  on  the  line  which  cor- 
responds to  the  slope  of  0.00010.  It  is  only  for  the  exceptional  re- 
sults of  the  Mississippi,  to  represent  which  the  compUcated  nature  of 
Kutter's  formula  was  established,  that  the  relation  appears  to  be  car- 
ried out. 

The  24  observations  on  the  Chazilly  and  Groisbois  outlets  consti- 
tute the  greater  part  of  the  data  available  for  small  earth  channels. 
In  order  to  obtain  especially  practical  results,  these  outlets  were  ob- 
served in  their  ordinary  condition  of  good  maintenance  without  any 
previous  attempt  to  overhaul  them.  Consequently  the  results  are 
applicable  to  earth  sections  in  ordinary  condition.  Surfaces  which 
are  stony  or  covered  with  weeds  will  be  taken  up  later. 

In  the  first  part  of  the  table  are  included  five  observations  on  a 
discharge  channel  with  a  high  slope  whose  wetted  perimeter,  paved 
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with  dry  rubble  and  carpeted  with  mosB,  offered  a  resistance  to  flow 
quite  similar  to  that  of  earth  surfaces.  There  are  also  included  one 
observation  by  Baumgarten  on  the  Marseilles  Canal,  the  four  often- 
cited  observations  of  Dubuat  on  the  Canal  du  Jard,  and  two  obser- 
vations on  small  water  courses  of  southern  Germany,  taken  from  the 
work  of  Grebenau.  Dubuat  measured  only  the  surface  velocity  V. 
We  have  used  for  the  average  velocity  V  the  value 

# 
The  same  process  has  been  used  for  the  observations  on  the  Biver 

Hayne  given  in  the  latter  part  of  the  table. 

The  observations  on  rivers  are  very  numerous,  but  unfortunately 
they  leave  much  to  be  desired  as  to  accuracy.  The  measurements  of 
the  two  principal  elements,  average  velocity  and  surface  slope,  pre- 
sent difficulties  which  increase  rapidly  with  the  size  of  the  water  course. 
The  only  method  free  from  all  objections,  of  obtaining  the  average 
velocity  consists  in  measurements  at  a  large  number  of  points  in  the 
cross  section  by  means  of  a  current  meter  or  some  similar  instrument. 
The  most  rapid  methods  are  based  on  the  use  of  surface  floats,  double 
floats,  or  rod  floats.  If  surface  floats  are  used,  a  coefficient,  which  has 
not  been  accurately  determined,  must  be  applied  to  the  measured 
velocity  in  order  to  obtain  the  average  velocity.  The  use  of  double 
floats  leads,  as  the  writer  has  shown  in  a  special  study/  to  an  exag- 
gerated value  of  the  average  velocity.  The  error  is  caused  by  the 
fact  that  the  surface  presented  to  the  current  by  the  cord  which  con- 
nects the  two  floats  is  not  negligible,  and  also  because  the  lower  float, 
in  rapid  currents,  does  not  remain  at  the  depth  to  which  it  was  in- 
tended to  be  submerged.  Likewise  rod  floats  do  not  maintain  a  ver- 
tical position  whenever  the  velocity  becomes  considerable. 

The  measurement  of  the  surface  slope  is  extremely  difficult  on  a 
large  river,  where  it  is  reduced  to  a  few  centimeters  per  kilometer. 
Furthermore,  it  is  rarely  possible  to  find  a  sufficiently  long  section 
where  the  conditions  remain  fairly  uniform. 

Ordinarily,  the  river  has  numerous  bends  and  contains  shallow 
portions  separated  by  deep  pools.  Hence  the  slope  obtained  from 
the  actual  surface  ought  usually,  in  order  to  take  account  of  these 
variations  in  the  channel,  to  be  corrected  by  an  amount  difficult  to 
determine.  If  observations  are  made  during  high  water,  this  same 
slope,  which  is  different  when  the  flood  is  rising  and  when  it  is  falling, 

*  Notice  Bur  FEmploi  des  doubles  flotteurs  pour  la  mesure  des  vitesses  dans  les 
grauda  oours  d'eau  (Annales  des  Fonts  et  Chaiiss^,  1884)  and  Discussion  des 
experiences  les  plus  rentes  sur  la  distribution  des  vitesses  dans  un  oourant  (Annales 
des  Fonts  et  Chaussdes,  1875). 
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may  also  change  appreciably  during  the  time  of  making  the  obser- 
vations. 

The  table  includes  only  results  in  which  the  hydraulic  radius  B 
scarcely  exceeded  5  meters.  It  is  necessary  to  add  those  observations 
made  on  the  Mississippi  and  Irrawaddy  in  cross  sections  very  much 
larger.  These  form  the  extreme  cases  where  the  difficulties  of  meas- 
urements were  carried  to  the  maximum,  and  the  results,  which  are 
not  consistent  among  themselves,  must  be  examined  separately. 

The  observations  on  the  Mississippi  were  made  by  the  use  of 
double  floats.  This  process  leads,  as  has  been  mentioned,  to  an  exag- 
gerated value  of  the  velocity  and  accordingly  to  a  diminished  value, 

in  the  same  ratio,  of  the  fraction  ^sRSjV.  Moreover,  the  absolute 
differences  in  level  of  the  water  surface  observed  at  CarroUton  and  at 
Coliunbus  by  Humphreys  and  Abbot  were  so  small  that  the  deter- 
mination of  slope  was  uncertain.    The  experiments  at  Vicksburg 

which  they  consider  better,  gave  0.0145  as  an  average  value  of  VftS/V. 
Later  measurements  in  1881  and  1882  gave  at  CarroUton  0.0119  and 
at  Fulton  0.0174.  Since  these  results  are  quite  inconsistent  only  the 
three  points  corresponding  to  the  averages  of  the  observations  at 
Vicksburg  in  1851,  and  at  CarroUton  and  Fulton  in  1881  and  1882, 
have  been  plotted. 

At  the  time  of  the  first  observations  of  Humphreys  and  Abbot,  the 

values  of  VfiS/V  seemed  to  increase  regularly  with  the  slope.  This 
law  which  formed  the  basis  of  their  new  formula  was  not  verified  in 
the  observations  of  1881  and  1882.  Neither  was  it  observed  by  Gor- 
don on  the  Irrawaddy. 

Gordon  also  employed  double  floats,*  but  his  observations  were 
much  more  numerous  and  more  consistent  than  those  of  the  American 
engineers.  By  reason  of  the  dimensions  he  adopted  for  his  floats  and 
their  connecting  cord,  the  errors  in  his  measurements  were  much  less 
important.  FinaUy  at  the  completion  of  comparative  observations 
made  by  the  current  meter,  he  recognized  that  the  velocity  obtained 
by  double  floats  ought  to  be  corrected  by  a  certain  reduction.  Slopes, 
whose  determination  is  so  difficult  on  a  large  river,  were  made  the 
object  of  an  elaborate  study .f    In  these  measurements  the  mean 

value  of  yRS/V  for  the  period  of  average  stage  where  the  slopes  were 
best  determined,  gage  heights  between  10  and  30  feet,  was  0.0164. 

*See  various  papers  by  Mr.  Robert  Gordon:  Report  on  Irrawaddy  River, 
Rangoon,  1878;  Note  on  subjectiB  connected  with  the  Works  in  the  Lrawaddy 
Circle,  1883;  Hydraulic  Works  in  the  Irrawaddy  Delta,  Proceedings  of  the  Inst,  of 
Civ.  £ng.,  London,  1893. 

t  The  records  of  the  experiments  on  the  Mississippi  and  the  Irrawaddy  may  be 
foimd  in  Hering  and  Trautwine's  Translation  of  the  work  of  Ganguillet  and  Kutter. 
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As  previously  stated,  the  values  of  ^RS/V  obtained  from  obser- 
vations by  double  floats  ought  to  be  slightly  increased.  Gordon  de- 
termined this  correction,  whose  importance  increases  with  the  depth 
and  with  the  velocity,  at  10  per  cent  for  the  case  of  the  high  water. 
Since  it  becomes  negligible  at  low-water  stages,  it  may  be  assumed  at 
5  per  cent  for  the  period  of  average  stage.  The  observations  on  the 
Mississippi  have  been  corrected  by  10  per  cent. 

The  results  obtained  by  Gordon  difTer  but  little  from  those  which 
have  been  adopted  for  a  long  time  for  the  rivers  of  Europe.  Results 
on  the  Mississippi  are  much  more  irregular. 

Class  VI. — Earth  Chaimels  OflFering  Unusual  Resistance  m  =  1.75 

The  data  for  this  class  are  given  in  table  32.  When  the  banks  of 
a  channel  are  stony  or  covered  with  vegetation,  the  coefficient  appli- 
cable to  each  particular  case  may  vary  within  extended  limits,  accord- 
ing to  the  degree  of  roughness  of  the  stream  bed.  That  is  to  say,  in 
these  cases  the  formula  can  be  expected  to  give  only  a  rather  rough 
approximation.  The  uncertainty  is  greater  in  proportion  as  the  di- 
mensions of  the  canal  are  reduced.  The  observed  results  are  not 
subject  to  any  exact  conclusion. 

The  observations  at  Nicca  which  relate  particularly  to  small 
streams  flowing  with  steep  slopes  over  rocky  beds,  gave  extremely 
irregular  results.  They  were  made  in  a  very  hasty  manner.  Nicca 
was  satisfied  to  measure  the  maximum  velocity  by  means  of  surface 
and  rod  floats  and  to  obtain  the  average  velocity  by  multiplying  V 
by  the  constant  coefficient  0.83.  This  coefficient  is  too  large  and  it 
has  seemed  preferable  to  calculate  the  average  velocity  by  the  formula 

just  as  was  done  for  the  observations  of  Dubuat.  Nicca  concluded  from 
his  results  that  the  formulas  then  in  use  gave  too  large  a  value  for  the 
discharge.  Since  his  observations  would  confuse  the  diagram,  they 
have  not  been  plotted.  Their  average  agrees,  however,  quite  well  with 
the  formula 

y  =  0.0115  (1  +  1.75a:) 

The  observations  on  the  Chazilly  Ck)nduit  and  the  collecting  canal 
of  Lake  Fucino  correspond  to  cases  which  occur  very  frequently  in 
practice.  The  observation  on  the  Rhine  at  Basel  is  particularly  inter- 
esting as  an  example  of  a  large  stream  flowing  with  a  high  slope  over 
a  very  rough  bed. 
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Summaiy  of  Conclusions 

The  comparative  study  which  has  just  been  made  in  reviewing 
the  best  experimental  data  which  are  available  at  this  time,  includes 
many  detailed  considerations  which  it  is  necessary  to  summarize 
briefly.    The  following  general  formula  has  been  proposed: 

^1+    " 


m  being  a  roughness  coeflScient  having  the  following  values: 

1.  Veiy  smooth  surfaces,  cement,  planed  wood,  etc 0.06 

2.  Smooth  surfaces,  timber,  brick,  cut  stone,  etc 0.16 

3.  Surfaces  of  rubble  masoniy 0.46 

4.  Surfaces  of  mixed  nature,  veiy  regular  sections  in  earth,  or  paved  with 

rough  stone,  etc 0.85 

5.  Earth  channeb  in  ordinary  conditions 1.30 

6.  Earth  channeb  offering  unusual  resistance 1.75 

This  formula  is  derived  immediately  from  equation  16  to  which 
the  author  returned  after  having  tried  without  any  important  advair- 
tage,  to  substitute  for  it  various  more  complicated  equations. 

The  slope  does  not  enter  into  the  determination  of  the  coefficient, 
because  it  has  appeared  that  such  a  complication  would  be  of  no  value. 
If  the  artificial  channels  of  the  first  two  classes  are  considered,  it  is 
true  that  it  can  be  shown  by  comparing  the  experiments  on  timber 
flumes  that  there  is  a  certain  increase  of  the  coefficient  A  as  the  slope 
S  decreases;  but  the  contrary  is  true  when  surfaces  of  greater  resist- 
ance are  considered.*  This  increase  disappears,  furthermore,  when 
the  cross  section  becomes  very  large.  No  trace  of  it  is  noticeable  in 
the  observations  on  the  Cavour  Canal,  or  on  the  New  York  and  Boston 
aqueducts,  where  the  slopes  were  very  small. 

In  the  large  rivers  of  Europe,  the  coefficient  A  is  not  found  to 
decrease  at  the  same  time  as  iS,  as  the  observations  of  Humphreys  and 
Abbot  seem  to  indicate.  The  latter  observations,  small  in  number 
and  not  tested  by  duplication,  are  in  complete  contradiction  with 
those  later  made  on  the  Mississippi,  and  especially  with  those  made 
on  the  Irrawaddy.  There  is  no  reason  then  in  the  state  of  our  pres- 
ent knowledge  for  supposing  that  these  immense  rivers  follow  any 
difTerent  laws  from  the  rivers  of  Europe. 

*  See  Recherches  Hydrauliques,  Series  Nos.  11  to  17,  Timber  channels,  covered 
with  strips  nailed  on  transversely  and  spaced  from  0.01  to  0.05  meters  apart. 
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It  has  been  stated  previously  that  the  points  on  the  diagram  repre- 
senting the  observations  in  the  same  class  of  surface  are  distributed 
over  a  straight  zone  on  both  sides  of  the  straight  line  corresponding 
to  the  new  formula.  This  zone  is  cut,  especially  in  the  case  of  the 
first  two  classes,  at  a  pronounced  angle  by  the  pencil  of  straight  lines 
which  correspond  to  Kutter's  formula.  It  is  therefore  impossible  to 
assume  a  different  value  of  n  which  would  make  that  formula  agree 
with  a  given  observation,  for  the  value  thus  obtained  depends  upon 
the  hydraulic  radius  R  and  varies  with  it  in  such  a  manner  that  it 
does  not  have,  like  the  coefficient  in  the  new  formula,  a  constant  and 
particular  value  for  the  surface  considered.  Let  us  take  for  example 
the  New  York  aqueduct.  The  slope  S  equals  0.0001326;  accordingly 
K  equals  34.7  and  formula  18  becomes: 


VI  _  34.7n 


n  1  +  34.7n 


(4-0 


If  it  were  of  general  applicability  it  ought  to  be  possible  to  represent 
the  series  of  results  of  observation  by  giving  to  n  a  single  constant 
value;  but  this  is  not  so  at  all.  For  the  particular  case,  R  equal  1.0 
meter,  experiment  11  of  the  series,  the  second  member  of  the  equation 
disappears,  which  gives  immediately 

n  =  Va  =  0.0135 

In  order  to  obtain  the  results  of  experiment  1,  R  equals  0.227  meters, 

Va  equals  0.0164,  it  is  necessary  that  n  be  equal  to  0.0123  and  similarly 

for  observation  14,  R  equals  1.170  meters,  Va  equals  0.0135,  n  equals 
0.0138.  The  discrepancy  is  too  great  to  permit  of  the  coefficient  n 
serving  as  a  definite  criterion  of  the  degree  of  roughness.  It  would 
be  still  greater  if  the  very  smooth  surfaces  of  the  first  class  were  con- 
sidered. By  inspecting  the  diagram  it  is  evident  that,  although  Kut- 
ter's formula,  with  n  equals  0.010,  represents  the  observations  at  shal- 
low depth  in  a  rectangular  channel  made  of  cement.  Series  2,  it  gives 

much  too  small  values  of  Va  for  the  bridge  channel  of  the  Boston 
aqueduct  and  for  the  Cavour  Canal,  especially  for  the  latter.  It  would 
be  necessary  for  the  Cavour  Canal  to  increase  n  to  0.013  which  would 
put  it  into  a  different  class.  The  two  groups  of  observations  which, 
for  the  new  formula,  belong  in  a  single  class,  m  equals  0.06,  would  be 
divided  for  the  Kutter  formula,  the  first,  in  Class  1,  and  the  second 
between  Classes  2  and  3.  The  latter  formula,  therefore,  does  not 
represent  properly  all  the  observations. 

This  ends  the  translation  of  Bazin's  paper.    The  Miami  Conserv- 
ancy District's  tests  of  the  Bazin  formula  are  described  in  chapter  X. 


CHAPTER  VII-— THE  SIEDEK  FORMULAS 

SIEDEK'S  WORK 

European  literature  has  contained  considerable  discussion  of  the 
velocity  formulas  proposed  by  Richard  Siedek,  an  Austrian  engineer. 
Siedek's  studies  were  published  in  three  papers,  in  1901,  1902,  and 
1903,  in  Zeitschrift  des  osterreichischen  Ingenieure  und  Architekten 
Vereines,  and  also  as  special  reprints  printed  by  Wilhelm  Braumtiller. 
The  first  paper  appeared  under  the  title  Studie  tlber  eine  Neue  Formel 
zur  Ermittlung  der  Geschwindigkeit  des  Wassers  in  FlOssen  und 
Stromen,  Study  regarding  a  New  Formula  for  the  Determination  of 
the  Velocity  of  the  Water  in  Rivers  and-  Streams;  the  second  under 
the  title  Die  Naturlichen  Normalprofile  der  fiiessende  Gewasser,  The 
Natural  Normal  Cross  Section  of  Flowing  Streains;  and  the  third 
under  the  title  Studie  Uber  eine  Neue  Formel  zur  Ermittlung  der 
Geschwindigkeit  des  Wassers  in  Bachen  und  Kunstlichen  Gerinnen, 
Study  regarding  a  New  Formula  for  the  Determination  of  the  Velo- 
city of  the  Water  in  Brooks  and  Artificial  Channels. 

As  would  be  indicated  by  their  titles,  the  first  and  third  papers 
deal  principally  with  the  development  of  the  formulas,  while  the  sec- 
ond paper  is  confined  to  a  theoretical  discussion  of  the  normal  cross 
section,  the  basis  of  the  general  equations.  The  formulas  are  derived 
from  an  entirely  new  standpoint.  No  allowances  for  roughness  are 
included  in  the  equations  for  rivers  and  brooks,  the  theory  being  that 
such  conditions  are  taken  care  of  by  the  average  depth  and  slope.  In 
the  case  of  artificial  channels,  where  it  was  found  necessary  to  con- 
sider the  roughness  separately,  the  correction  was  made  by  applying 
a  percentage  to  the  equations  for  rivers  and  brooks  instead  of  by  intro- 
ducing a  new  term,  as  has  been  done  by  other  investigators. 

In  the  work  of  the  Miami  Conservancy  District,  Siedek's  formulas, 
after  a  fair  test,  have  not  been  found  useful.  The  formulas  are  based 
upon  theories  regarding  the  natiu^  of  bank  friction  and  the  influence 
of  hydraulic  radius  which  are  contrary  to  principles  that  have  been 
accepted  almost  universally  by  hydraulic  engineers,  ever  since  the 
careful  experimental  work  by  Darcy  and  Bazin  over  fifty  years  ago. 
The  publication  of  the  following  detailed  account  of  the  Siedek  for- 
mulas is  not  be  to  construed  as  an  approval  of  them.  They  are  de- 
scribed, first,  because  they  have  a  certain  measure  of  official  govern- 
mental authority  in  Austria;  and  second,  because  they  furnish  a  good 
example  of  the  results  achieved  by  those  who  permit  their  imagina- 
ations  to  develop  an  elaborate  theory  from  a  slender  basis  of  fact, 
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without  subjecting  each  step  to  the  test  of  experimenta'  verification 
and  careful  coordination  with  established  fundamental  principles. 

In  contrast  to  the  earlier  formulas,  the  Siedek  equations  are  to  be 
applied  to  cross  sections  of  every  form,  including  those  in  which  a 
wide  overflow  space  is  combined  with  a  narrow  deep  channel.  The 
only  restriction  is  that  flow  must  take  place  in  all  parts  of  the  cross 
section. 

The  following  text  contains  an  abstract  of  the  1901  and  1903 
papers.  The  1902  paper  has  not  been  taken  up  since  it  has  no  direct 
connection  with  the  development  of  the  formulas  and  since  its  sub- 
ject matter  is  not  essential  either  to  the  use,  or  to  the  testing,  of  the 
equations.  The  tables  given  in  the  1901  and  1903  papers,  which 
contain  the  results  of  Siedek's  tests  of  his  formula,  as  well  as  those 
containing  the  most  pertinent  data,  are  here  included;  but  the  long 
table  giving  the  elements  of  over  five  hundred  measurements  and  the 
table  giving  the  values  of  the  normal  depth  and  slope  have  been  omit- 
ted. Although  the  text  has  been  condensed  to  about  one  half  of  its 
original  length,  no  subject  matter  essential  to  an  understanding  of 
Siedek's  theories  has  been  omitted*  Such  tables  and  formulas  as  are 
included  in  this  chapter  are  given  in  their  original  form;  that  is,  for 
use  with  metric  units. 

CONDENSED  TRANSLATION  OF  SIEDEK'S  1901  AND    1903 

PAPERS 

Of  all  the  formulas  thus  far  deduced  for  determining  the  velocity 
of  water  in  open  channels  only  two  have  become  widely  used  in  prac- 
tice ;  namely,  those  of  Bazin  and  Kutter.  Even  these  have  shown  them- 
selves to  be  applicable  only  within  limits  and  under  certain  conditions. 

Nearly  all  existing  formulas  include  consideration  of  the  form  of 
the  cross  section,  the  slope,  and  the  roughness.  The  form  of  the  cross 
section  is  introduced  through  the  hydraulic  radius. 

The  hydraulic  radius,  as  has  been  shown,*  never  sufficiently  char- 
acterizes the  cross  section.  If,  for  example,  we  assume  a  rectangular 
cross  section  of  3  meters  depth  and  4  meters  width,  and  another  of  2 
meters  depth  and  6  meters  width,  and  in  both  cases  assume  a  like 
roughness  and  a  similar  slope,  then,  since  the  hydraulic  radius  R  is  the 
same  in  both  cases,  equal  velocities  must  be  obtained  by  the  Kutter 
formula.  In  regular  channels,  however,  the  average  velocities  in  a 
vertical  vary  at  diflFerent  depths  according  to  fixed  powers  of  the 

*  Ueber  den  Begriff  einee  hydraulischen  Momentes  der  Canalquerschnitte,  by 
C.  K.  Aird.  Zeitschr.  fur  Architektur  und  Ingenieiirwesen,  Vols .  4  and  5.  Hannover, 
1900. 
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depth. 


Therefore  the  velocity  in  the  first  section  will  be  larger  than  that  in 
the  second.  This  is  true  despite  the  smaller  width,  since  the  influence 
of  vertical  sides  is  not  important.  This  example  indicates  the  fallacy 
of  characterizing  the  cross  section  by  means  of  the  hydraulic  radius. 

It  is  the  same  with  the  roughness  coefficients  of  formulas.  Recent 
measurements,  made  with  great  care,  have  shown  that  the  scales 
established  for  the  coefficients  by  the  authors  of  the  formulas  do  not 
represent  actual  conditions,  especially  with  large  channels.  More- 
over, measurements  have  shown  that,  in  the  same  cross  section,  the 
roughness  coefficient  often  changes  considerably  with  the  stage. 
These  changes  have  caused  errors  of  60  per  cent  and  more. 

The  difficulty  of  using  the  formulas  becomes  still  greater  when  the 
cross  section  has  a  complicated  form,  or  when  it  is  combined  at  higher 
stages  with  overflow  areas.  The  method  hitherto  used  imder  these 
conditions  has  been  to  divide  the  cross  section  of  the  overflow  area 
from  the  main  cross  section,  and  to  calculate  each  part  separately. 
Under  actual  conditions,  however,  as  long  as  flow  takes  place  on  the 
overflow  area,  there  exists  an  internal  connection  of  the  inundated 
portions  with  the  main  channel,  and  the  above  described  procedure 
therefore  appears  rather  arbitrary. 

If  we  also  consider  the  difficulty  of  selecting  the  proper  coefficient, 
we  must  be  convinced  that  the  present  formulas  are  little  adapted  to 
their  purpose. 

An  ideal  formula  for  the  determination  of  the  velocity  is  one  in 
which  all  the  members  are  given  exactly;  that  is,  in  which,  after  fixing 
the  fundamental  elements,  as  the  cross  section  and  slope,  each  addi- 
tional coefficient  introduced  is  unequivocally  given  by  these  only,  or 
is  clearly  distinguished  by  special  characteristics  of  the  cross  section. 

Hitherto,  in  establishing  formulas  for  the  velocity  of  water  in 
channels,  a  imiform  movement  has  generally  been  assumed.  This 
condition  does  not  obtain,  for  we  know  from  measurements  that  the 
water  moves  in  an  intermittent  manner,  or  with  pulsations.  Besides 
the  pulsations,  changes  in  stage  should  be  considered,  for  it  likewise 
indicates  a  non-uniform  movement  of  the  individual  water  filaments. 
It  is  customary,  however,  in  determining  the  velocity  to  assiune  a 
fixed  stage  for  theoretical  cases,  and  since  the  observed  pulsations  can 
be  reduced,  by  summation,  to  an  average,  the  imiform  movement  of 
the  water  is  here  assumed. 

*  See  Harlacher:  Die  Messungen  in  der  Elbe  und  Donau.    Ldpidg,  1881. 
12 
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The  pulsations  are  to  be  ascribed  to  changes  in  the  resistance  of 
the  channel.  The  relation  between  resistance  and  velocity  leads  to 
the  law:  With  like  mass  and  like  resistance  the  injluence  of  the  UUier 
makes  itself  felt  reUUively  mme  upon  a  sm>aU  than  upon  a  great  velocity. 
This  leads  to  a  second  law,  which  agrees  with  experience,  namely, 
that  in  rivers  and  streams  the  roiighness  of  the  cross  section  as  a  rule  de- 
creases with  the  velocity.  The  action  of  one  of  these  laws  tends  to 
counteract  that  of  the  other,  that  is,  the  roughness  in  rivers  and  streams 
varies  but  little  in  comparison  with  the  velocity. 

The  roughness,  as  will  be  shown,  is  given  consideration  in  the  other 
elements  of  the  formulas.  Its  relation  to  the  slope  and  the  average 
depth  will  be  shown  in  the  following  example : 

If  we  assume  a  channel  of  rectangular  cross  section,  constant  dis- 
charge and  fixed  slope,  and  diminish  the  roughness,  then  the  velocity 
must  increase;  and,  since  the  discharge  remains  constant,  the  cross 
section,  and  hence  the  depth,  naturally  must  diminish.  Similarly 
assuming  the  condition  of  fixed  discharge  and  depth,  the  slope  must 
decrease  with  the  roughness.  This  demonstrates  the  influence  of  the 
roughness  upon  the  average  depth  and  slope;  and  it  is  clear  that,  as 
soon  as  the  latter  elements  are  included  in  a  velocity  formula,  the 
roughness  also  has  been  introduced.  Therefore,  it  cannot  be  asserted 
of  such  a  formula,  in  which  no  special  coefficient  for  the  roughness  is 
included,  that  this  formula  does  not  take  into  account  the  roughness; 
but  rather  that  such  a  formula  can  be  adapted  to  express  the  rough- 
ness also,  if  the  above  elements  are  introduced  in  a  suitable  form. 

Referring  to  the  second  law  expressed  above  it  should  be  remarked 
that  in  its  wording,  in  rivers  and  streams  the  roughness  of  the  cross  sec- 
tion as  a  rule  decreases  with  the  velocity,  the  words  as  a  ride  have  been 
included  with  special  intent,  since  objection  may  be  made  with  refer- 
ence to  the  case  where  the  velocity  in  a  cross  section  is  small  while 
the  resistance  is  apparently  great;  for  example,  when  the  sides  of  the 
cross  section  are  covered  with  water  plants.  For  such  a  case  a  great 
roughness  has  hitherto  always  been  assumed.  Later  investigations 
have  shown,  however,  that  the  water  has  practically  no  motion  be- 
tween the  plants;  which  leads  directly  to  the  question  as  to  whether 
those  parts  should  be  considered  at  all. 

Since  theory  gives  us  only  general  fundamental  laws  for  the  estab- 
lishment of  a  suitable  formula,  it  was  necessary  to  choose  the  empir- 
ical method.  The  great  niunber  of  measurements  made  in  recent 
times  furnished  the  material,  but  in  the  investigation  it  was  always 
necessary  to  reduce  the  peculiarities  occurring  in  individual  cases  to 
a  common  form. 
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Besides  establishing  the  form  in  which  to  introduce  the  resistance 
effect  it  was  necessary  also  to  obtain  a  satisfactory  characterization 
of  the  cross  section  to  replace  the  hydraulic  radius,  which  had  been 
used  hitherto  and  which  has  been  shown  to  be  unsatisfactory.  It  was 
believed  that  this  could  be  found  by  the  use  of  the  width  of  water 
surface  and  the  average  depth.  ThesCi  of  course,  do  not  define  the 
cross  section,  since,  as  figure  43  shows,  there  could  be  an  infinite  num- 
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ber  of  intermediate  cases  between  the  rectangle  ABCD  fixing  one 
Umit  of  the  possible  cases  and  the  triangle  ABE  denoting  the  other 
limit.  These  cases,  however,  will  certainly  not  show  such  a  striking 
difference  as  was  shown  in  the  example  regarding  the  hydraulic  radius 
given  above.  Complete  precision  in  the  form  of  the  cross  section 
appears  not  only  difficult  of  attainment,  but  also  unnecessary,  since 
the  cases  in  which  a  formula  is  used,  are,  and  should  be,  only  normal 
cases. 

Starting  from  the  point  of  view  given  above  and  from  the  basic 
law  that  the  velocity  T  is  a  function  of  the  slope  8,  the  following 
general  equation  was  found : 


V  =  A;S-B"i)* 


(22) 


in  which  k  represents  a  constant,  and  m,  n,  and  o  represent  fixed 
powers  of  the  slope,  the  width,  and  the  average  depth,  respectively. 
The  next  step  was  to  determine  the  values  for  these  powers. 

In  some  previous  studies  regarding  an  expression  for  the  calcu- 
lation of  velocity  in  a  cross  section  at  different  stages  on  the  basis  of 
a  single  measurement  the  formula 

V  =  C&D  Vs  (23) 

had  been  found.  It  was  also  noted  that  the  value  C  changed  but  little 
with  like  widths  and  slight  differences  in  slope,  so  that  this  formula, 
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under  the  conditions  named,  sufficiently  expnesses  the  conditions  of 
the  cross  section  and  slope. 

If,  for  a  great  number  of  discharge  measurements  we  plot  the 
widths  of  water  surface  as  ordinates  and  the  corresponding  values  of 
Cf  using  for  the  sake  of  clearness  the  logarithms  thereof,  as  abscissas, 
then,  the  values  of  C  cluster  around  a  curve  whose  position  is  more 
closely  defined  with  greater  widths  than  with  smaller.  The  simplest 
possible  expression  representing  the  average  curve  was  foimd  to  be 

C  =  _.0r-    , (24) 

B*  VBmOOl 
which  substituting  in  23  gives, 

V    =   aor-     ; (25) 

VB  Vo.OOl 

Among  the  cases  in  which  equation  25  is  exactly  fulfilled  will  be 
one  which  expresses  a  natural  or  normal  condition.  This  will  be  illus- 
trated as  follows:  If  we  assume  a  stream  whose  discharge  constantly 
increases  from  source  to  mouth,  and  which,  as  the  result  of  the  slope, 
forms  its  bed  according  to  natural  laws  in  a  regular  manner  in  a  plas- 
tic material,  then,  according  to  the  example  of  the  natural  stream,  the 
width  and  depth  will  continually  increase  and  the  slope  will  continu- 
ally decrease  and  it  will  result  that  a  given  width  of  stream  will  cor- 
respond to  a  definite  depth  and  slope.  The  relation  between  width, 
depth,  and  slope  in  this  ideal  case  is  the  natural  or  normal  condition, 
and  there  results,  therefore,  from  equation  25  the  equation  for  the 
ideal  or  normal  stream, 

Vn  =  tor-     I =  \^0) 

in  which  Dn  and  Sn  designate  the  values  for  the  average  depth  and 
slope  of  the  normal  stream  for  a  given  width.  It  should  be  mentioned 
that,  in  these  deductions,  the  width  has  always  been  taken  as  a  basis, 
because,  among  the  three  elements  considered,  width,  depth,  and 
slope,  the  width  appeared  to  be  the  best  adapted  for  designating  the 
characteristics  of  a  river. 

From  the  results  of  the  measurements  available,  relations  between 
width  and  depth,  and  between  width  and  slope,  were  deduced  for  the 
ideal  stream  as  follows: 

Dn  =  V0.0175B  -  0.0125  (27) 

Sn  =  0.0010222  -  0.00000222B  (28) 
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The  use  of  these  equations  is  restricted  to  rivers,  and  the  values 
for  D«  and  Sn  are  to  be  used  only  within  prescribed  limits.  A  value 
of  10  meters  for  the  width  of  water  surface  has  been  chosen  for  the 
lower  limit.  If  we  substitute  this  in  equations  27  and  28  we  obtain 
Dn  equals  0.403  meters  and  Sn  equals  0.001. 

If  we  investigate  the  equations  further,  it  develops  that  equation 
27  satisfies  every  value,  while  equation  28,  with  a  width  of  454.31 
meters  gives  for  Sn  the  value  zero,  and  with  greater  widths  gives  nega- 
tive values.  Properly  jS«  could  only  equal  zero  when  B  is  equal  to 
infinity,  and  hence  the  curve  of  equation  28  must  be  asymptotic  to 
the  axis  upon  which  the  widths  are  plotted.  In  order  not  to  com- 
plicate the  expression  for  Sn  however,  equation  28  has  been  restricted 
to  widths  of  from  10  to  415  meters,  and  for  the  greater  width  Sn  has 
been  placed  equal  to  0.0001. 

Equation  25,  defining  tlie  velocity  of  the  normal  stream,  is  the 
biusis  of  the  new  formula.  In  fact  it  is  the  formula  itself  when  the 
values  of  D  and  S  are  equal  to  the  values  of  Dn  and  Sn;  or,  in  other 
words,  when  the  cross  section  is  a  normal  one. 

An  expression  for  cases  differing  from  the  normal  will  be  more 
complicated  than  equation  25.  The  influence  of  the  average  depth 
and  slope  has  already  been  considered  in  the  basic  formula;  but  inves- 
tigation shoWs  that  this  does  not  suffice  for  the  velocity  calculation 
in  question.  Since  the  mass  moved  also  exercises  an  influence  upon 
the  velocity,  we  have  three  values,  depth,  slope,  and  mass,  which, 
when  normal  conditions  do  not  obtain,  are  still  to  be  especially  brought 
into  the  calculation.  These  values  may  be  most  effectively  consid- 
ered by  adding  corrective  expressions  to  the  basic  formula. 

The  manner  in  which  these  corrections  are  to  be  made  could  be 
determined  only  from  the  available  examples;  while  the  nature  of  the 
correction  had  to  depend  upon  the  character  and  the  influence  of  the 
individual  values.  The  general  equation  for  the  determination  of  the 
velocity  in  rivers  and  streams  was  found  to  be  as  follows: 

In  this  expression  D  and  S  denote  the  average  depth  and  slope  of 
the  cross  section  to  be  investigated;  Dn  and  Sn  the  normal  depth  and 
normal  slope  corresponding  to  the-  width  of  the  given  cross  section; 
a,  6,  and  c  three  coefficients  depending  upon  the  depth  and  slope; 
while  V  is  the  basic  formula,  equation  25,  and  is  inserted  as  V  for 
simplicity.  The  terms  forming  the  expression  in  addition  to  the  basic 
equation  are  the  three  corrections  for  depth,  slope,  and  mass.     These, 
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for  the  sake  of  brevity,  will  be  called  factor  of  depth,  factor  of  slope,  and 
factor  of  mass. 

We  perceive  immediately  that,  when  the  slope  and  average  depth 
are  equal  to  those  at  the  corresponding  normal  cross  section,  all  three 
factors  disappear;  so  that  the  basic  equation  alone  is  sufficient. 


The  Factor  for  the  Depth 


D-D. 


a 


a  u 


From  actual  measurements  it  is  known  that  the  vertical  velocity 
curve  possesses  in  general  the  form  shown  by  db  in  figure  44,  and  also 

that  the  curve  of  the  average  velocity  for  equal 
and  smaller  depths  of  the  vertical  attains  a  simi- 
lar form,  about  like  the  curve  a'6'.  From  this, 
it  may  be  concluded  that  the  average  velocity 
of  the  cross  section  for  different  depths  is  also 
similarly  represented  and  assumes  either  greater 
or  smaller  values  than  the  curve  a'V,  but  will 
always  show  approximately  a  similar  curve. 

If  the  curve  of  mean  velocity  for  different 
depths  in  a  cross  section  is  approximately  deter- 
mined in  form,  then  we  have  a  basis  for  estab- 
lishing the  influence  of  the  average  depth.  Thus, 
the  mean  velocity  to  be  calculated  is  to  be  in- 
creased or  diminished  by  a  part  of  the  quantity 
(D  —  Dn),  according  as  the  average  depth  of  the 
given  cross  section  is  greater  or  smaller  than  that 
of  the  corresponding  normal. 

The  factor  for  the  depth  will  assume  the  form 
of  a  fraction  whose  numerator  is  the  quan- 
tity (D  —  D^,  and  whose  denominator  is  a 
value  a,  which  is  dependent  upon  the  depth,  and,  according  to  the 
abscissas  of  the  above  described  curve  of  the  average  velocities,  as- 
sumes proportional  values  for  different  depths.  It  should  be  noted 
that  a  is  always  to  be  chosen  on  the  basis  of  the  greater  of  the  two 
values  D  and  /)«. 

A  series  of  values  for  a  was  determined  from  the  results  of  avail- 
able measurements.  These  values,  which  are  given  in  table  34,  show 
that  at  slight  depths  the  increase  of  the  average  velocity  is  nearly 
equal  to  the  difference  in  the  depth,  and  that  with  depths  above  6 
meters  the  increase  becomes  nearly  zero,  so  that  the  factor  of  depth 
in  the  latter  cases  can  be  neglected. 


FIG.  44.  —  TYP- 
I C  A  L  VELOCITY 
CURVES. 

A  typical  vertical  ve- 
locity curve  is  shown 
by  ab  and  a  typical 
curve  of  average  ve- 
locity for  different 
depths  is  shown  by  a!h\ 
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Table  34.— Values  of  the  Coeffidents  a,  b,  and  c,  In  the  Siedek  Fonnnla 


DeptbDlf 

Ul}n>I> 
M«len 

a 

Slope /^BelAtfTS 

b 

2>.--2>Metcn 

e 

s>s^ 

S<S^ 

S<8nUUl 

>  0.0001 
8>S» 

S<Sn 

and 
<0.0001 

0.0  to  0.3  . . 
0.3  "  0.5  . . 
0.5  "  1.0  . . 
1.0  "  1.5  . . 
1.6  "  2.0  . . 
2.0  "  2.6  . . 
2.5  "  3.0  . . 
3.0  "  3.5  . . 

3.5  "  4.0  . . 
4.0  "  4.5  . . 

4.6  "  5.0  . . 
5.0  "  6.6  . . 
5.5  "  6.0  . . 
6.0  "  6.5  . . 
Over  6.5  . . 

1 

1.5 

2 

3 

4 

6 
10 
15 
20 
30 
40 
60 
80 
100 

00 

0.006  to  0.006 
0.005    "  0.004 
0.004    "  0.003 
0.003    "  0.002 
0.002    "  0.001 
0.001    "  0.0009 
0.0009  "  0.0008 
0.0008  "  0.0007 
0.0007  "  0.0006 
0.0006  "  0.0005 
0.0006  "  0.0004 
0.0004  "  0.0003 
0.0003  "  0.0002 
0.0002  "  0.0001 
Under     0.0001 

6-6 
5-4 
4-3 
3-2 
2-1 
1 

1.6 
2.0 
2.5 
3.5 
4.5 
6 
8 
10 

00 

• 

• 

5 
5 
5 
6 
6 
6 
6 
10 

00 
00 
00 

•0 
00 

+1.0  to  +0.7 
+0.7  "   +0.6 
+0.5  "  +0.0 
-0.0  "  -1.0 
-1.0  "  -2.0 
Over       -2.0 

• 

2 

2 

1 

10 

16 

20 

1 

0.75 
0.5 

10 

15 

20 

The  Factor  for  the  Slope 


b{S  +  Sn) 


In  consideration  of  the  relation  between  slope  and  velocity,  the 
course  to  be  taken  for  establishing  this  factor  was  similar  to  that  used 
with  the  depth  factor;  but  it  was  more  difficult,  as  the  relation  is  less 
accurately  known.  This  is  due  not  only  to  the  difficulty  of  obtain- 
ing a  precise  determination  of  the  slope,  but  also  to  the  fact  that,  in 
velocity  measurements,  the  determination  of  the  slope  is  not  necessary 
for  the  calculation  and  is  therefore  often  given  only  a  secondary  con- 
sideration. 

Since  the  velocity  increases  notably  with  the  slope  only  a  part  of 
the  quantity  {S  —  Sn)  could  be  considered.  Consequently  it  was 
decided  to  use  the  fractional  form  in  this  case  also.  Moreover,  on 
account  of  the  great  jBuctuations  of  the  slope,  it  was  necessary  to 
diminish  the  difference  between  the  given  and  normal  values  as  much 
as  possible.  This  was  accomplished  by  introducing  in  the  denomi- 
nator, besides  b,  the  sum  of  the  slopes.  In  this  way  the  fraction 
{S  —  Sn)/{S  +  Sn)  always  remains  smaller  than  imity. 

According  to  the  values  of  b  in  table  34,  this  coefficient  is  a  mini- 
mum for  S  equals  0.001  to  0.0009,  and  increases  both  with  increasing 
and  decreasing  slope,  a  phenomenon  due  to  the  use  of  the  differences 
in  slope,  since  Sn  fluctuates  only  between  0.001  and  0.0001,  while  S 
often  assumes  widely  different  values. 
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Dn-D 


The  Factor  for  the  Mass  V 

c 

In  the  course  of  the  investigation  it  developed  that  besides  the 
factors  of  depth  and  slope,  there  exists  a  still  further  injBuencei  opposed 
to  the  factor  of. the  depth.  This  is  due  to  the  mass,  and  may  be  traced 
to  internal  friction  which  offers  resistance  to  motion  and  increases 
with  increase  of  the  mass.  Under  normal  conditions,  the  influence  of 
the  mass  must  become  zero.  If  the  depth  is  greater  than  normal, 
however,  then  as  a  rule  the  mass  is  greater  than  normal,  so  that  the 
cross  section  is  overburdened  and  the  factor  assumes  a  negative  value. 
Conversely,  in  case  the  depth  is  less  than  normal,  the  factor  assumes 
a  positive  value. 

The  mass  is  dependent  upon  the  depth  and  the  slope.  From  the 
result  of  actual  measurement  the  factor  is  found  to  be  likewise  de- 
pendent. There/ore  the  expression  was  given  the  form  of  a  percent- 
age of  the  velocity  V\  in  which  the  slope  of  the  given  example  is 
substituted.  For  unusually  small  values  of  jS,  however,  c,  for  posi- 
tive values  of  the  factor,  had  to  be  made  dependent  upon  the  slope. 
Values  of  c  are  given  in  table  34. 

Modifications  Due  to  Unusual  Cross  Section 

It  was  later  foimd  that  in  cross  sections  whose  width  of  water 
surface  is  less  than- 15  times  the  depth,  formula  29  gives  too  high  val- 
ues. This  could  only  be  traced  to  the  fact  that  in  such  cases  the  water 
moves  under  a  certain  compulsion,  due  to  the  form  of  the  cross  sec- 
tion. Such  cases  are  exceptional,  but  are  always  to  be  considered, 
since  they  often  give  considerable  changes  in  the  values  to  be  calcu- 
lated. The  new  factor  to  be  introduced  in  this  regard  will  be  called 
the  factor  of  the  cross  section.    The  expression  found  for  this  factor 

was  (Dn  —  D)/  Vb,  which  is  to  be  added  to  the  formula.  Since  with 
widths  of  more  than  one  meter,  Dn  must  always  be  smaller  than  D 
if  B  is  less  than  15  times  the  depth,  the  cross  section  factor  will  always 
be  negative  and  hence  always  of  opposite  sign  to  the  factor  of  the 
depth. 

In  such  cases  the  general  formula  therefore  reads: 

^.v-+^:^-  + 4^+^-2^^  +  ?=^  (30) 

a  b{S  +  Sn)  c  VB 

With  the  values  of  a,  b,  and  c,  established,  as  given  in  table  34, 
the  formula  appears  to  have  reached  the  desired  form;  for  all  the  fac- 
tors may  be  determined  by  the  elements,  width  of  water  surface, 
average  depth,  and  slope. 
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In  order  to  illustrate  the  use  of  the  formulas  as  well  as  to  show  the 
agreement  between  the  computed  and  measured  velocities,  a  nunaber 
of  examples  are  given  in  table  35.  Numbers  1  and  2  were  computed 
by  equation  25,  numbers  5,  6,  7,  9,  10,  and  11  by  equation  29,  and 
numbers  3,  4,  8,  and  12  by  equation  30. 

The  special  advantage  of  the  formula  compeared  with  those  already 
existing  lies  in  the  fact  that  it  serves  not  only  for  simple  cross  sections, 
but  also  for  those  with  overjBow  areas.  This  does  away  with  the 
necessity  of  dividing  up  the  cross  section,  as  is  necessary  in  calculating 
by  the  Kutter  formula. 

In  the  present  investigation  only  meter  measurements  made  since 
about  1890  have  been  used.  While  this  method  of  determining  the 
velocity  is  regarded  as  the  most  careful  for  large  channels,  serious 
errors  often  occur.  These  may  be  caused  by  the  construction  of  the 
meter,  the  determination  of  the  width  and  depth,  and  the  method  of 
making  and  working  up  the  notes. 

The  errors  that  could  occur  in  an  actual  discharge  measurement 
have  been  taken  in  general  at  from  6  to  10  per  cent.  This  method 
of  limiting  errors  is  open  to  criticism,  since  the  greatest  errors  occur 
in  measuring  small  streams  and  streams  with  a  low  velocity.  The 
establishment  of  a  uniform  limit  of  error  and  not  of  a  percentage  would 
therefore  seem  better.  For  purposes  of  comparison,  it  was  believed 
correct  to  assume  the  maximum  error  permissible  to  be  in  general  10 
centimeters  per  second. 

The  three  most  important  factors  for  the  agreement  of  the  for- 
mula are: 

1.  Recognition  of  the  presence  of  backwater  in  the  section. 

2.  Recognition  of  the  presence  of  dead  water  in  the  section. 

3.  Correct  determination  of  the  slope. 

Bazin's  investigations*  regarding  the  movement  of  water  over 
weirs,  show  what  an  important  injBuence  the  amount  and  especially 
the  height  of  the  water  below  the  weir  exercises  upon  the  discharge. 
It  must  be  admitted  that  in  cross  sections,  where  there  is  backwater, 
phenomena  notably  influencing  the  flow  occur,  and  that  the  velocity 
is  not  the  same  as  in  sections  of  regular  flow.  In  making  compari- 
sons, it  was  of  course  diflBcult  to  throw  out  any  measurements  because 
this  condition  seemed  to  obtain,  and  it  has  been  done  only  in  wholly 
apparent  cases. 

In  estimating  the  width  of  water  surface  and  average  depth,  parts 
of  the  cross  section  containing  dead  water  are  seldom  omitted.  In 
such  cases,  errors  will  obviously  creep  into  the  results.  An  example 
from  actual  experience  will  serve  as  a  general  illustration. 

*  Annales  des  Fonts  et  Chauss^,  1888  to  1896. 
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In  figure  45  is  shown  a  cross  section  and  curve  of  average  velocities 
of  the  Feistritz  River.  It  is  seen  that  no  flow  takes  place  in  the  left 
side  of  the  cross  section  for  a  width  of  10  meters.  A  flow  occurs  at 
the  right  side  for  a  width  of  25.7  meters,  which  therefore  is  to  be  con- 
sidered as  the  cross  section  of  flow.  Calculating  the  average  velocity 
in  the  entire  section  we  obtain  Vi  equals  0.075;  eliminating  the  dead 
water  we  obtain  V%  equals  0.249,  which  agrees  closely  with  the  value 
derived  by  actual  measurement,  Vm  equals  0.271.     The  result  would 
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FIG.  45.-€ROSS  SECTION  AND  CURVE  OF  AVERAGE  VELOCITIES  OF 

THE  FEISTRITZ  RIVER. 


have  been  the  same  had  the  dead  part  of  the  cross  section  been  located 
in  the  middle,  as  if  a  gravel  bar  lying  above  divided  the  flow  into  two 
arms  which  united  again  below. 

Difficulties  of  determining  the  slope  in  a  small  channel  with  marked 
changes  of  surface,  as  in  figure  46,  are  apparent.  Moreover,  meas- 
urements of  slope  which  should  be  made  in  the  center  of  the  stream- 
way  are  generally  taken  along  the  banks,  frequently  on  only  one  bank. 
The  errors  to  which  this  can  lead,  with  even  a  fairly  normal  slope, 
nmy  be  iUustrated  by  the  measurements  taken  in  1895  on  the  Elbe* 
at  kilometer  394.02,  near  Hamaten.  Here  the  slope  measured  on  the 
right  bank  was  0.000149  and  on  the  left  bank  0.000255,  or  a  mean  of 
0.000202.  Calculating  the  average  velocity  for  all  three  slopes  we 
obtain  Yr  equals  0.804  meters  per  second,  Y\  equals  1.070  meters  per 
second,  and  Y„^  equals  0.946  meters  per  second,  as  against  Y  equals 

*  Hydrologisches  JahrbucH  der  Elbe.    1895.    Magdeburg. 
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0.920  meters  per  second,  the  average  velocity  as  actually  measured. 
In  measuring  the  slope,  especially  with  large  rivers,  the  action  of 
the  momentum  of  the  mass  should  be  considered,  since  the  inertia 
does  not  permit  an  immediate  change  of  the  velocity  at  breaks  in  the 
slope.  Special  studies  of  this  feature  indicated  that  the  slopes  most 
suitable  for  the  calculation  of  the  velocity  were  those  determined  by 


FIG.  46.— DIAGRAM  ILLUSTRATING  POSSIBLE  IRREGULARITIES  IN 

SURFACE  SLOPE. 


the  diflference  in  elevation  of  the  water  surface  two  river  widths  above, 
and  one  river  width  below  the  cross  section.  The  Hydrographic  Cen- 
tral Bureau  at  Vienna  also  arrived  at  this  conclusion  regarding  the 
method  of  determining  the  slope,  see  Beitrage  zur  Hydrographie 
Osterreichs,  Volume  V. 

This  procedure  applies  to  all  cases  except  those  where  the  deter- 
mination of  the  slope  would  be  restricted  to  too  short  a  stretch  of 
river.  For  small  streams,  less  than  10  meters  wide,  it  is  recommended 
that  the  slope  be  determined  as  for  streams  10  meters  wide.  In  the 
stretch  where  the  measurement  is  made,  the  course  of  the  stream  must 
be  completely  or  nearly  straight.  If  this  is  not  possible  the  stretch 
should  be  shortened  by  such  an  amount  as  the  conditions  of  curva- 
ture require. 

It  is  believed  that  backwater  and  dead  water  in  the  cross  section, 
and  incorrect  determination  of  the  slope  may  cause  errors  up  to  10 
centimeters  per  second.    We  have  already  assumed  a  possible  error 
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in  measurement  of  10  centimeters  per  second,  so  tliis  gives  us  a  limit 
of  error  of  20  centimeters  per  second.  This  maximum  allowable  dis- 
crepancy may  appear  small  for  extreme  cases,  but  it  will  be  too  great 
for  many  others. 

The  formula  was  tested  by  538  measurements,  covering  a  wide 
range  of  conditions.  A  general  siunmary  of  results  showing  the 
agreement  of  the  measured  with  the  calculated  velocities  is  ^ven  in 
table  36. 

Table  36.—- Resultd  of  Compaxlson  of  Calculated  with  Measured  Velocities,  Siedek 

Formula 


width  of  Water  BnrfMe 

10-100  Metcn 

10O>1000  Metcn 

Oyer  1000 
M«len 

Total 

Total  number  of  examples. . 

266 

175 

97 

538 

Per  Cent  of  Total  Number 

Agreeing  within 

5  centimeters 

20.3 
38.0 
66.6 
33.4 

29.1 
59.4 
88.5 
11.5 

44.3 

82.4 

96.9 

3.1 

27.5 
53.0 
79.1 
20.9 

10          "         

20          "         

over  20  centimeters 

It  will  be  noted  that  the  closeness  of  agreement  increases  with 
greater  widths.  This  is  to  be  expected,  since  the  errors  of  measure- 
ment become  smaller,  and  at  the  same  time  the  streams  more  nearly 
approach  the  ideal  cross  section.  In  view  of  the  fact  that  the  material 
was  assembled  without  special  selection,  the  results  obtained  by  com- 
parison may  be  regarded  as  very  favorable. 


Formulas  for  Streams  Less  than  lo  Meters  Wide 

While  with  small  channels  the  results  calculated  by  formulas  29 
and  30  agree  acceptably  with  the  measured  velocities,  a  decrease  in 
the  influence  of  slope  is  unmistakable.  This  led  to  the  establishment 
of  a  new  equation  for  Sn  for  channels  less  than  10  meters  wide. 

The  equation  for  Sn  for  widths  over  10  meters  was  established  as 
that  of  a  straight  lines. 

The  most  suitable  equation  for  widths  under  10  meters  proved  to 
be  that  of  a  parabola  in  the  form. 


Sn  =  0.01166  -  Vo.000058195  +  0.00000552B 


(31) 


This  formula  was  established  mainly  upon  the  basis  of  empirical  re- 
sults; and  thus  it  occurs  that  in  this  expression  the  value  of  Sn,  when 
B  equals  0,  is  not  infinite,  as  theory  would  demand,  but  0.00402. 
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Practical  considerations  have  led  to  setting  the  lower  limit  of  the 
applicability  of  formulas  29  and  30  at  3  meters,  whence  the  slope  Sm 
for  channels  from  3  to  10  meters  wide  is  to  be  determined  by  equation 
31  and  for  channels  over  10  meters  wide  by  equation  28. 

The  coefficients  a,  b,  and  c,  in  the  formula  follow  the  some  laws 
for  channels  from  3  to  10  meters  wide  as  for  those  of  greater  extent. 
Their  values  may  be  obtained  from  table  34. 

In  the  investigations  regarding  the  agreement  of  calculated  and 
measured  results  for  widths  of  water  surface  less  than  3  meters,  it  was 
found  that  the  first  part  of  the  formula  was  sufficient  to  give  an 
agreement,  namely 

V  =  307^-7--=  (32) 

yB  Vo.ooi 

This  part  gave  more  nearly  correct  values  than  formulas  29  or  30. 
This  fact  is  to  be  traced  to  the  correction  factors  included  in  formulas 
29  and  30  which  are  manifestly  too  great  for  the  conditions  obtaining 
with  small  streams,  since  the  coefficients  a,  b,  and  c,  and  the  expres- 
sion {Dn  —  D)/  Vb  were  designed  entirely  for  use  with  larger  channels. 

Tests  of  the  formulas  for  channels  with  widths  less  than  10  meters 
were  made  on  the  basis  of  220  measurements.  Grouping  the  results 
in  classes,  in  which  the  diflferences  agree  within  5,  10,  20,  and  more 
than  20  centimeters,  as  in  table  36,  22.7  per  cent  of  the  cases  fell  in 
the  first  class,  43.6  per  cent  in  the  second,  73.2  per  cent  in  the  third, 
and  only  26.8  per  cent  in  the  fourth.  In  view  of  the  character  of  the 
data  this  may  be  considered  a  favorable  result. 

Formulas  for  Artificial  Channels 

In  considering  artificial  channels  the  question  arises  as  to  how  far 
from  the  wetted  perimeter  the  influence  of  the  roughness  reaches. 
Theoretically  this  influence  always  acts  throughout  the  entire  cross 
section;  practically,  however,  it  is  confined  to  a  certain  distance  or 
area  immediately  bordering  the  wetted  perimeter.  The  width  of  this 
strip  depends  not  only  upon  the  degree  of  roughness  but  also  upon 
the  velocity,  that  is,  upon  the  amount  of  the  momentum  of  the  stream, 
and  is  directly  proportional  to  the  degree  of  roughness,*  and  inversely 
proportional  to  the  momentum. 

If  the  slope  is  constant,  then,  with  varying  degrees  of  roughness, 
the  strip  influenced  will  obviously  assume  diflferent  widths;  and  as 
soon  as  these  are  ascertained  the  roughness  can  be  determined  and  a 

•  For  a  confirmation  of  this  see  Beitrage  zur  Hydrographie  Qsterreichs.  VoL 
III.    Issued  by  the  Hydrographie  Central  Bureau  at  Vienna. 
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relationship  established.  Since  the  changing  of  the  width  of  the  strip 
with  diflferent  degrees  of  roughness  is  not  fixed,  however,  and  also 
cannot  be  easily  determined,  the  strip  has  been  assumed  to  be  constant 
for  the  purposes  of  this  study  and  the  coefficients  of  roughness  to  be 
used  for  the  formula  have  been  calculated.  In  order  to  simplify  fur- 
ther procedure,  this  width  has  been  assumed  as  0.5  meters,  a  figure 
which  approximately  agrees  with  the  height  over  the  bed  above  which 
the  vertical  velocity  curve  of  a  normal  cross  section  shows  no  notable 
additional  curvature. 

The  important  thing  was  to  determine  the  roughness  coefficients. 
In  cases  where  the  width  was  less  than  3  meters  only  equation  32 
came  into  consideration.  It  was  found  that  the  average  velocity  cal- 
culated by  this  equation  was  still  to  be  multiplied  by  a  coefficient  / 
in  order  to  give  the  velocity  determined  by  the  measurement.  This 
coefficient  /,  showed  varying  values  which  were  connected  with  the 
changes  in  average  depth.  After  many  trials,  it  was  decided  to  ex- 
press/as follows: 

/  =  §-n  (33) 

In  this  expression  as  constant  values  as  possible  for  the  friction  cor- 
responding to  the  various  classes  of  roughness  were  established. 

An  explanation  of  this  relation  may  be  deduced  from  the  law  of 
sUding  friction.  We  know  that  the  coefficient  of  friction,  which  we 
have  called  /,  is  directly  proportional  to  the  resistance  of  friction  C 
and  inversely  proportional  to  the  normal  pressure,  that  is, 

/  =  I  (34) 

In  equation  33  the  power  of  the  average  depth  D**  represents,  in 
a  certain  manner,  the  normal  pressure  occurring  within  a  unit  of 
length,  and  in  the  same  way  C  represents  the  resistance  coefficient 
corresponding  to  the  roughness  of  the  bed.  It  is  clear  that  the  value 
of  C  as  compared  with  that  of  /  varies  but  Uttle  in  the  individual 
classes  of  roughness,  especially  where  the  measurements  have  been 
carried  out  in  the  same  channel  with  diflferent  discharge.  The  ex- 
ponent of  the  depth  n  varies  according  to  the  amoimt  of  the  depth. 
That  is,  as  long  as  D  is  less  than  1  meter,  n  is  less  than  1;  while  for 
values  of  D  greater  than  1  meter,  Z>*  varies  but  little  from  unity  and 
hence  n  must  rapidly  decrease  with  the  increase  of  the  average  depth, 
in  order  to  furnish  an  average  velocity  agreeing  with  the  measure- 
ment.   Since  there  were  few  examples  available  for  determining  the 
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dependence  of  n  upon  d,  and  since  a  simple  determination  of  the  value 
of  n  was  desirable,  it  has  been  assumed  that,  for  values  of  D  less  than 
unity,  n  —  1/2,  so  that  equation  33  becomes 

and  also  that  for  values  of  D  greater  than  1  meter,  n  equals  0,  so  that 
the  denominator  becomes  equal  to  1,  and  we  have 

/  =  C  (36) 

The  formula  for  calculating  the  average  velocity  in  artificial  chan- 
nels with  widths  of  1  to  3  meters,  and  average  depth  of  less  than  1 
meter,  now  reads 

dVs        C 

F  =  3or^  . ~  (37) 

Vb  Vo.001    Vd 

This  is  for  a  cross  section,  whose  total  area  is  included  within  the 
strip  influenced  by  the  roughness. 

If  this  is  not  the  case,  then,  part  of  the  cross  section  lies  within 
the  area  influenced  by  the  roughness  A<,  and  part  within  the  kernel 
area,  Ak]  and  the  preceding  equation  31  then  becomes 

y.(^+X.)--.^-|=  (38) 

or  for  channels  up  to  3  meters  wide  whose  average  depth  exceeds  1 
meter, 

V  =  UiC  +  Ak)    .0^  r (39) 

A  VB  Vo.OOl 

In  order  to  simplify  the  formulas  the  expression  given  in  equation 
32  will  again  be  designated  by  V;  the  expression  in  equation  29  will 
be  designated  as  F",  and  that  in  equation  30  as  V"\  The  two  ex- 
pressions V"  and  V"  come  into  consideration  with  artificial  channels 
having  water  surface  widths  greater  than  3  meters.  It  should  be  em- 
phasized that,  when  the  water  surface  width  is  less  than  3  meters,  the 
form  of  the  cross  section  should  be  considered  in  determining  the  co- 
efl&cient  of  roughness. 


CALCULATION  OF  FLOW  IN  OPEN  CHANNELS  193 

We  now  have: 

7  =  (A<C  +  A»)  -J-  (42) 

7  =  (A.<7  +  At)  ^  (43) 

A 

* 

Equation  40  is  used  if  the  water  surface  width  is  over  3  meters, 
the  average  depth  less  than  1  meter,  and  the  water  surface  width  less 
than  15  times  the  average  depth. 

Equation  41  is  used  if  the  water  surface  width  is  greater  than  3 
meters,  the  average  depth  less  than  1  meter,  and  the  water  surface 
width  greater  than  15  times  the  average  depth. 

Equation  42  is  used  if  the  water  surface  width  is  greater  than  3 
meters,  the  average  depth  greater  than  1  meter,  and  the  water  surface 
width  less  than  15  times  the  average  depth. 

Equation  43  is  used  if  the  water  surface  width  is  greater  than  3 
meters,  the  average  depth  greater  than  1  meter,  and  the  water  surface 
width  greater  than  15  times  the  average  depth. 

The  data  used  for  establishing  the  value  of  the  resistance  coef- 
ficient consisted  of  123  measurements  taken  from  the  publications  of 
Bazin  and  Kutter.  Only  those  examples  were  selected  in  which  the 
accurate  determination  of  the  cross  section  and  conditions  of  slope 
was  possible  from  the  available  data.  The  123  measurements  appear 
somewhat  insufficient  for  the  establishment  of  the  coefficient  of  resist- 
ance, but  it  should  be  noted  that  the  values  obtained  are  approxi- 
mate, and  that  they,  as  well  as  all  the  formulas,  must  not  be  used 
mechanically. 

In  circular  or  trapezoidal  cross  sections  the  roughness  coefficient 
was  found  to  remain  constant  despite  the  changing  of  the  average 
depth.  In  rectangular  cross  sections  a  small  but  unimportant  vari- 
ation was  noticed.  With  rectangular  cross  sections  having  widths  less 
than  1.6  meters,  however,  the  coefficient  was  found  to  diminish  from 
10  to  20  per  cent. 

In  table  37  are  assembled  the  resistance  coefficients  for  the  classes 
of  roughness  most  frequently  occurring.  It  is  not  claimed  that  these 
coefficients  are  unimpeachably  fixed;  on  the  contrary  it  is  to  be  hoped 
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that  the  existing  gaps  in  the  classes  of  roughness  can  be  filled  by 
further  investigations,  and  that  the  individual  values  may  be  im- 
proved. Table  38  contains  a  series  of  examples  in  which  the  results 
by  the  Siedek  and  Bazin  formulas  are  compared  with  actual  measure- 
ments. 

Table  37. — Reristance  Coeffident  C  for  Artificial  Quuinels,  Siedek  Formula 


No. 

1 

2 
3 
4 
5 
6 
7 
8 
9 
10 
11 

CbMMtcr  of  Watted  Perimeter 

C 

ReotAQfular  Croas  Section 
Le«  Than  1.6  Meten  Wide 

AU  other  Casei 

Cut  Btone.  very  smooth 

2.05 
2.05 
2.00 
1.80 
1.45 
1.70 
1.40 
1.20 
1.15 
1.00 
1.00 

2.25 

2.25 
2.20 
2.00 
1.65 
1.90 
1.60 
1.40 
1.25 
1.10 
1.10 

Cement,  very  smooth 

Brick,  cement  bed.  smooth 

Cement,  ordinarily  water-proofed 

Brick 

Wood,  planed  smooth 

Wood,  unplftPed , .  t    

Ashlar,  well  cut 

Ashlar,  plainly  cut 

Ashlar,  rouichly  cut 

Ashlar,  srayel  bed 

For  small  channels  the  two  formulas  agree  acceptably.  If  the 
width  of  water  surface  increases,  or  there  is  a  division  of  the  cross 
section,  then  the  results  according  to  the  new  formula  agree  much 
better  with  the  actual  measurements,  especially  in  the  case  of  large 
cross  sections. 

This  is  clearly  shown  by  the  examples  in  table  38,  in  all  of  which 
the  cross  section  had  to  be  separated  into,  influenced  strips  and  ker- 
nels, and  of  which  numbers  4,  5,  20,  22,  23,  and  28  are  precise  measure- 
ments. In  these,  the  slope  was  taken  with  special  accuracy  and  could 
be  determined  according  to  the  requirements  here  estabhshed.  In 
numbers  4  and  5,  carried  out  in  the  channel  of  the  high-level  conduit 
at  Vienna,  the  width  of  water  surface  is  less  than  2  meters,  and  we 
find  that  the  calculation  of  the  average  velocity  according  to  Bazin's 
formula  is  suitable.  It  is  otherwise  with  numbers  20  and  22  for 
greater  widths  in  which  Bazin's  formula  furnishes  values  consider- 
ably too  high.  This  was  to  be  expected,  since,  according  to  his 
formula,  a  large  cross  section  would  be  just  as  much  influenced  by 
friction  as  a  very  small  one. 

It  is  of  interest  to  And  an  example  of  great  slope,  as  number  23. 
This  measurement,  taken  in  the  raft  pass  of  the  Traunfall,  shows  a 
very  good  agreement  of  the  measured  average  velocity  with  that  cal- 
culated by  the  new  formula,  whereas  the  average  velocity  calculated 
according  to  Bazin  has  much  too  high  a  value. 
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Examining  other  examples  in  table  38  we  find  that  for  those  cases 
where  the  roughness  coefficient  is  nearly  the  same  as  the  value  for 
natural  channels,  the  Bazin  formula,  on  the  whole,  gives  just  as  good 
results  as  the  new  formula.  The  method  of  calculation  here  advanced 
is  considered  more  advantageous  because  of  its  greater  adaptability. 

In  the  foregoing  discussion  of  artificial  channels  we  have  taken  up 
only  those  cases  in  which  the  roughness  was  equal  to  or  less  than  that 
of  natural  channels.  Cases  may  also  occur  in  which  the  roughness  is 
greater  than  the  natural  roughness.  For  such  conditions,  the  resist- 
ance coefficient  C  should  be  greater  than  1;  or,  as  soon  as  the  average 
depth  is  less  than  1,  jD"  should  be  smaller  than  the  square  root  of  the 
average  depth.  What  values'  of  the  coefficient  are  to  be  taken,  how- 
ever, it  is  not  possible  at  present  to  determine. 

A  review  of  all  the  formulas  reveals  the  starting  point  of  their 
deduction  to  be  the  expression  for  the  ideal  streain.  To  this  foun- 
dation, 

^yfs  Vo.ooi 

are  added  three  or  four  additional  members  which  are  designed  to 
take  into  consideration  the  special  conditions.  If  the  conditions  are 
simple,  the  added  members  disappear  and  the  original  form  always 
remains.  It  has  been  shown  that  these  accessories  are  necessary,  and 
while  their  use  may  appear  to  be  complicated,  yet  with  practice  the 
conviction  will  come  that  they  are  easily  handled  and  clear. 

The  application  of  a  formula  always  remains  an  expedient,  for 
even  the  best  formula  can  never  give  a  result  as  good  as  a  correct 
measurement.  The  calculation  of  the  average  velocity  by  a  formula 
should  only  be  resorted  to  when  we  are  prevented  from  using  the 
other  method. 

If  we  are  forced  to  work  with  formulas,  however,  then  they  should 
never  be  applied  mechanically,  but  the  conditions  which  are  to  be 
considered  should  be  closely  examined  before  proceeding  to  the  solu- 
tion of  the  problem. 

This  ends  the  translation  of  Siedek's  papers.  The  Miami  Con- 
servancy District's  tests  of  the  Siedek  formula  are  described  in 
chapter  X. 


CHAPTER  VIII.— THE  GROGER  FORMULA 

Dr.  Otto  Groger,  an  engineer  in  the  Ministry  of  Public  Works  of 
Austria,  recently  published  two  papers  dealing  with  a  new  formula 
for  computing  the  velocity  in  natural  river  channels.  The  first  paper 
was  published  in  Zeitschrift  des  osterreichischen  Ingenieure  und  Arch- 
itekten  Vereines,  Aug.  29,  1913,  under  the  title  Eine  neue  Geschwin- 
digkeitsformel  fiir  nattirliche  Flussgerinne,  A  New  Velocity  Formula 
for  Natural  River  Channels.  The  second  paper  appeared  under  the 
same  title  and  was  printed  in  the  same  publication  under  date  of  May 
1,  1914. 

These  papers  have  been  combined  and  rewritten  without  omitting 
any  essential  point.  The  long  table  giving  the  elements  of  the  com- 
parisons of  the  calculated  and  measured  velocities,  which  appeared  in 
the  first  paper,  has  been  omitted;  but  the  results  of  the  comparisons 
have  been  included.  The  table  giving  the  velocities  for  various  values 
of  depth  and  slope,  computed  by  the  first  formula  and  published  in 
the  first  paper,  has  not  been  included,  since  it  was  not  corrected  so  as 
to  correspond  with  his  later  study.  The  logarithmic  diagram  pub- 
lished in  the  second  paper  has  been  excluded  because  its  purpose  is 
better  served  by  the  nomographic  diagrams,  also  published  in  the 
second  paper,  which  are  reproduced  herein.  Formulas  and  tables 
given  in  this  chapter  are  for  use  with  metric  units. 

The  formula  has  been  skillfully  developed,  in  an  interesting  man- 
ner; and,  because  of  its  remarkable  simplicity  of  application,  prob- 
ably will  be  thoroughly  tested  by  engineers.  So  far  as  can  be  learned 
no  critical  discussion  or  test  of  it  has  been  made  by  English  engineers. 
As  noted  in  chapter  X,  the  comparative  tests  of  this  formula,  while 
showing  consistent  results,  did  not  develop  any  particular  indications 
of  its  universal  applicability. 

CONDENSED  TRANSLATION  OF  GROCER'S  PAPERS 

A  number  of  formulas  for  computing  the  velocity  of  water  in  nat- 
ural river  channels  are  now  in  use.  They  have  all  been  established 
by  empirical  methods  and  may  be  divided  into  two  classes : 

(a)  Velocity  formulas  requiring  the  selection  of  a  roughness  coef- 
ficient. 

(6)  Velocity  formulas  not  requiring  the  selection  of  a  roughness 
coefficient. 
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Those  in  the  first  class  follow  almost  universally  the  form  adopted 
by  Chezy,  .    

V  =  C^RS 

The  formulas  of  Ganguillet  and  Kutter  and  of  Bazin  are  the  most 
prominent  in  this  class  and  are  still  much  used  in  practice  despite  the 
fact  that  a  number  of  formulas  of  the  second  class  have  been  published. 
The  advantages  of  the  latter  are  evident,  since  the  selection  of  a  co- 
efficient of  roughness  with  any  degree  of  accuracy  requires  a  special 
hydrographic  knowledge  and  experience.  The  older  equations  are 
still  held  to  mainly  because  the  existing  formulas  of  the  second  class 
are  more  or  less  complicated. 

It  was  Siedek  who  first  expressed  in  a  hydraulic  formula  the  theory 
that  the  roughness  effect  is  accounted  for  in  the  surface  slope  and  the 
average  depth  of  the  cross  section.  He  also  replaced  the  hydraulic 
radius,  usually  found  in  the  earlier  formulas,  by  the  average  depth. 

Hermanek,  who  also  proposed  a  formula  of  the  second  class,  came 
to  the  conclusion  that  the  influence  of  the  width  of  the  water  surface 
upon  the  average  velocity  completely  disappears  in  natural  channels, 
and  that  no  fixed  relation  between  the  two  values  exists. 

Matakiewicz,  another  champion  of  the  second  class  who  chose  the 
form  proposed  by  Hagen, 

V  =  tS-jD- 

also  found  that  the  average  velocity  is  a  function  of  the  slope  and  the 
average  depth,  but  not  of  the  width. 

Lindboe  proposed  twelve  equations  of  the  second  class,  for  use 
under  various  conditions  of  depth  and  breadth.  He  made  use  of  the 
width  in  the  form  D/B,  but  evidently  did  not  consider  it  to  be  of  much 
importance. 

The  determination  of  a  new  formula  is  possible  at  present  only  by 
empirical  methods,  since  studies  from  a  theoretical  standpoint  are 
handicapped  by  the  fact  that  the  actual  processes  of  the  movement 
of  water  are  still  too  little  investigated. 

The  material  now  available  is  much  more  extensive  and  appli- 
cable than  was  the  case  when  the  earlier  formulas  were  deduced.  It 
should  be  emphasized,  however,  that  the  data  used  in  this  investi- 
gation includes  only  results  based  on  complete  meter  observations. 
Measurements  given  in  the  publications  of  other  investigators  have 
not  been  used  since  some  of  them  were  made  by  floats. 

The  best  basis  for  these  studies  appeared  to  be  the  extensive  cur- 
rent meter  work  carried  on  in  Austria  by  the  Imperial  and  Royal 
Central  Bureau  for  Hydrography,  in  the  Ministry  of  Public  Works, 
and  by  the  Imperial  and  Royal  Hydrographic  Divisions  of  the  various 
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parts  of  Austria.  Their  measurements  possessed  the  advantages  of 
fundamental  uniformity  and  great  precision.  Moreover,  the  manner 
in  which  the  observations  were  taken  was  known.  Despite  their  ex- 
cellence, however,  only  part  of  them  could  be  used  on  account  of 
inaccuracies  in  the  determination  of  slope. 

The  estimation  of  the  water  surface  slope  is  only  a  side  issue  in 
hydrometric  work,  and  consequently  does  not  warrant  the  care  neces- 
sary to  obtain  a  great  degree  of  accuracy.  Moreover,  the  difference 
between  the  water  surface  elevation  in  the  upper  and  lower  cross  sec- 
tions for  small  and  average  river  widths,  as  well  as  for  large  rivers 
with  slight  slopes,  is  very  small,  especially  if  the  length  of  river  over 
which  the  slope  measurements  are  made  is  taken  as  only  three  times 
the  river  width,  as  is  customary  in  many  hydrographic  bureaus. 
Considering  the  sources  of  error  which  affect  the  estimate  of  slope, 
errors  on  reading,  fluctuations  in  stage,  movement  of  waves,  influence 
of  backwater,  and  the  like,  it  is  clear  that  all  investigation  material 
must  be  very  carefully  scrutinized. 

Up  to  1912  the  Austrian  Hydrographic  Service  had  made  about 
1250  complete  meter  measurements,  in  each  of  which  the  slope  had 
been  determined.  Such  of  these  measurements  as  were  made  in 
brooks  and  artificial  channels  were  excluded.  This  was  done  because 
in  small  channels  the  width  alwa3rs  influences  the  average  velocity 
in  the  cross  section,  while  with  large  natural  river  channels  the  in- 
fluence of  the  width  does  not  appear,  from  the  data  examined,  to  be 
of  sufficient  importance  to  merit  consideration  in  an  empirical  velocity 
formula.  This  conclusion  was  reached  when  the  1250  measurements 
were  subjected  to  a  critical  examination,  after  having  been  divided 
into  30  classes  according  to  slope,  and  arranged  in  each  class  accord- 
ing to  average  depth. 

As  a  result  of  this  grouping  a  lower  limit  of  water  surface  width 
of  10  meters,  and  of  average  depth  of  20  centimeters,  was  set  for  the 
purposes  of  this  study.  After  eliminating  all  measurements  which 
failed  to  come  within  these  limits,  940  remained  for  further  investi- 
gation. Of  these  940  measurements,  only  44  had  an  average  depth 
of  more  than  4  meters.  The  first  study  was  therefore  confined  to 
cases  between  0.2  meter  and  4  meters  average  depth. 

The  measurements  were  plotted  on  coordinate  paper,  using  as  ab- 
scissas the  average  depth,  and  as  ordinates  the  measured  velocities. 
It  was  apparent  that,  for  each  class,  all  the  points  grouped  themselves 
around  a  curve  similar  to  a  parabola,  following  the  law  that  with  like 
slopes  the  greater  the  average  depth  the  greater  the  velocity.  The 
investigation  was  then  continued  in  a  similar  manner,  using  loga- 
rithmic paper,  upon  which,  under  certain  conditions,  curves  of  para- 


MIAMI  CONSERVANCY  DISTRICT 


I! 


Velocity  V  in  m«+ers  per  sec. 


CALCULATION  OF  FLOW  IN  OPEN  CHANNELS  203 

bolic  form  plot  as  practically  straight  lines.  These  diagrams  showed 
that  for  the  average  depths  under  consideration  the  points  of  each 
class  clustered  around  a  straight  line. 

Inspection  showed  that  these  logarithmic  straight  lines  are  parallel; 
and  that,  with  increasing  slope,  the  vertical  interval  between  any  two 
successive  lines  decreases  in  proportion  to  the  amount  of  slope.  The 
curves  for  some  of  the  classes  of  slopes  are  shown  in  figure  47.  In 
this  diagram  the  Unes  as  drawn  indicate  the  velocities  for  the  corre- 
sponding average  slope  as  determined  by  the  new  formula. 

Having  thus  shown  that  the  average  velocity  is  a  function  of  the 
slope  of  the  water  surface,  and  of  the  average  depth  in  the  cross 
section,  it  remained  to  express  this  relation  in  the  form  of  a  velocity 
equation.  For  this  purpose  the  900  measurements  were  critically 
inspected.  Measurements  made  at  bridges  with  channel  piers  were 
excluded,  and  only  those  measurements  were  accepted  where  the 
wetted  perimeter  was  not  notably  greater  than  the  corresponding 
width  of  water  surface.  In  this  manner,  after  repeated  rejections 
and  trial  comparisons  by  calculation,  the  900  measurements  were 
reduced  to  154  selected  measurements. 

In  accordance  with  the  results  of  the  graphical  representation,  the 
general  equation 

V  =  JfcjD-S* 

was  chosen,  since  the  conditions  of  parallelism  discovered  showed  that 
the  exponents  of  D  and  S  are  constant  for  the  average  depths  con- 
sidered. The  three  unknowns  A:,  m,  and  n  were  then  calculated,  by 
the  method  of  least  squares,  from  the  154  selected  measurements. 
The  calculation  gave  the  three  equations, 

+  154.00    log  k  -    5.900m  -    488.314n  +  16.416  =  0 

-  5.901  log  k  +    8.837W  +      14.506n  -    5.387  =  0 

-  488.314  log  ife  +  14.506m  +  1579.171n  -  62.954  =  0 

from  which  the  following  values  for  the  unknowns  were  obtained: 

ife  =  23.781 

m  =    0.776  =  tan  37"*  49.4' 
n  =    0.458 

The  completed  velocity  formula  therefore  reads 

V  =  23.781I>«-^^«S«-<«  (44) 

As  already  stated  the  investigation  material  selected  included  only 
a  few  complete  meter  measurements  where  the  average  depth  of  cross 
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section  exceeded  4  meters.  Observations  outside  of  Austria  could  not 
be  used  since  their  accuracy  or  applicability  could  be  proven  only  with 
difficulty  or  not  at  all.  In  order  to  extend  the  limits  of  applicability 
of  the  new  formula  it  was  therefore  necessary  to  use  meter  measure- 
ments with  average  depths  less  than  4  meters.  By  taking  all  obser- 
vations with  depths  varying  between  2  meters  and  4  meters,  together 
with  those  having  depths  greater  than  4  meters,  there  were  available 
nearly  200  complete  meter  measurements.  To  make  up  thia  number 
it  was  necessary  to  include  good  data  secured  with  current  meters 
suspended  by  cables,  and  also  observations  taken  at  bridges. 

From  this  material,  using  the  graphical-logarithmic  method,  the 
following  formula  was  obtained : 


V  =  22.nD^-^S'^ 


(45) 


Equations  44  and  45  apply  to  conditions  where  the  width  is  greater 
than  10  meters,  and  the  slope  is  less  than  0.5  per  cent,  26.4  feet  per 
mile.  Equation  44  is  to  be  used  for  average  depths  between  0.2  meter 
and  2  meters,  while  equation  45  is  to  be  used  where  the  average  depth 
exceeds  2  meters. 

Both  equations  have  the  advantage  that  they  can  be  handled  by 
logarithms. 

Table  39. — ^Analysis  of  Examples  Ulustrated  in  Ftgures  48  and  49,  GrOger  Formula. 

Values  of  V  for  Given  Values  of  D  and  S 


Figure  48— Formula  44 

D 

8 

V 

Meters 

Feet 

Feet  per  1000 

Feet  per  Mile 

Meters  per  SeooiUl 

Feet  per  SeooDd 

0.3 

0.3 
0.7 
1.5 

0.985 

0.985 

2.3 

4.91 

0.05 
2.50 

0.40 
0.50 

0.264 
13.2 
2.11 
2.64 

0.1 

0.6 
0.5 
1.0 

0.328 
1.97 
1.64 
3.28 

Figure  49— Formula  45 

D 

s 

V 

Meters 

Feet 

Feet  per  1000 

Feet  per  Mile 

Meters  per  Second 

2.0 
2.0 
7.0 
7.9 

6.56 

6.56 
23.0 
25.9 

0.018 
0.100 
0.100 

0.230 

0.095 
0.528 
0.528 
1.22 

0.30 
0.63 
1.30 
2.00 

0.985 
2.065 
4.26 
6.56 

A  simple  graphical  expression  is  furnished  by  the  nomographical 
method  of  d'Ocagne,*  which  is  especially  adapted  to  the  formula. 

*Graphische  Darstellung  von  mathematischen  Formeln.     By  Dr.  J.  Mandl. 
Allgemeine  Bauzeitung,  1902. 
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As  shown  in  figures  48  and  49,  jD,  V,  and  S  are  to  be  laid  off  on  three 
parallel  straight  lines,  which  are  of  equal  distance  apart.  To  obtain 
the  average  velocity  for  a  given  value  of  D  and  S,  D  and  S  are  located 
at  the  proper  points  on  the  lines  of  depth  and  slope,  and  these  points 
are  connected  by  a  straight  line.  The  intersection  of  the  connecting 
straight  line  with  the  Une  of  velocities  gives  the  V  desired.  The  ex- 
amples illustrated  in  figures  48  and  49  are  given  in  table  39,  correspond- 
ing quantities  in  the  English  system  being  included  also. 

For  checking  formula  44,  150  additional  reliable  measurements 
were  chosen.  Velocities  for  these  measurements  were  also  computed 
by  the  formulas  of  Siedek  and  Matakiewicz.  Tables  40  and  41  give 
the  results  of  this  study. 


Table  40. — Variation  of  Calculated  from  Measured  Velocity,  Gr5ger,  Matakiewicz, 

and  Siedek  Formulas 

(Total  number  of  measurements  »  iV  »  150) 


Velocity  Formula 

Zero 

Vai1»- 
Uon 

Negative  Variation 

PodttTe  Variation 

Aver- 
ace 

Error 

In 
Centi- 
meter** 

Number 

oCMew- 

ure- 

mente 

Number 
of  Mea»- 
uremenu 

Total 
Variation 

Averace 

Variation 

InCentl- 

meten. 

Number 

ofMea»- 

ure- 

ments 

Total 
Variation 

Averace 
Variation 
In  Centi- 
meters 

Grdger..    

Matakiewicz. . 
Siedek 

8 

6 

1 

79 

25 

112 

-  4.710 

-  1.185 
-15.402 

-  5.96 

-  4.74 
-13.76 

63 

119 

37 

+  3.977 
+12.163 
+  3.389 

+  6.31 
+  10.21 
+  9.16 

7.51 
11.66 
15.24 

where 


Sigma  cP 


M~±yj^ 


M  —  the  average  variation, 
d  —  variation  of  an  individual  measurement. 


Table  41. — ^Results  of  Comparisons,  GrOger,  Matakiewicz  and  Siedek  Formulas 

(Total  number  of  measurements  «  JV  =  150) 


variation 
In  Centimeters 

Number  of  Measurements 

OiVcer 

Mataklewles 

SledA 

36 

13 

12 

2 

1 

Total 
In  Per 
Cent 

|i 

18 
4 
2 

1 

26 

36 
27 
46 
11 

119 

I 

Total 
In  Per 
Cent 

|i 

20 
24 
41 
27 

112 

14 
9 

12 
2 

37 

I 

0 

37 
29 
13 

73  r 

42 

25 

2 

64 

28 
16.7 
1.3 

63/ 
31 
48 
12 

39.3 
20.7 

32 

8 

33 
63 
29 

23.3 

22 

36.4 

19.3 

0to5 

6  to  10 

10  to  20 

Above  20 

Sum 

79 

,63 

160 

100 

160 

100 

160 

100 

*  Computed  by  the  formula 
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Subsequent  computations  by  the  fonnulas  of  Hermanek  and  Lind- 
boe  gave  the  following  results: 

LlndbM  HmDMoA 

Number  of  measurements 135  150 

Total  variation  from  measured  values 1014  cm.  1329  cm. 

Average  discrepancy 7.5  cm.  8.9  cm. 


The  results  given  in  table  40  for  the  Groger  formula  show  a  total 
variation  of  868  centimeters  for  the  150  measurements,  or  an  averagie 
discrepancy  of  5.8  centimeters.  Only  135  measurements  could  be  cal- 
culated by  the  Lindboe  formula  on  account  of  its  limits  of  applica- 
bility. Velocities  by  this  formula  were  obtained  by  the  aid  of  Ehren- 
berger's  tables,  Osterr.  Wochenschr.  fiir  den  offentl.  Baudienst,  No. 
26,  1913. 

For  checking  formula  45, 177  measurements  with  an  average  depth 
greater  than  2  meters  were  taken  from  Siedek's  tables.  These  were 
made  mainly  on  rivers  outside  of  Austria  during  the  years  1877-1890. 
Whether  all  were  meter  measurements  could  not  be  learned,  and  it 
is  certain  that  the  method  of  determining  the  water  surface  slope 
was  not  the  same  as  that  used  in  Austria  during  the  past  8  years. 
The  average  depth  of  these  177  measurements  varied  between  2.0 
meters  and  13.6  meters.  The  comparison  of  results  computed  by  the 
Siedek  and  Groger  formulas  for  these  177  measurements  is  indicated 
in  table  42. 


Table  42. — ^Variation  of  CalcuUted  from  Measured  Velocity,  Siedek  and  GrSger 

Formulas 


(Total  number  of  measurements  »  177) 


Formula  of 

NegaUve  VarlatioDS 

FodUve  Varlatloiw 

Total  Amount 
aU  Obaenratloni 

Averace  varia- 
tion per 
Meaauremeot 

Number 

Total 
Amount 

Number 

Total 
Amount 

Siedpk 

Groger 

123 

87 

963  cm. 
539  cm. 

44 
67 

446  cm. 
508  cm. 

1409  cm. 
1047  cm. 

±7.9  cm. 
±5.9  cm. 

A  separate  comparison  on  the  basis  of  the  79  Volga  measure- 
ments, included  in  the  above  177,  showed  the  following  results: 


aieiUk 

Total  variation 441  cm. 

Average  variation 5.5  cm. 


Gr»g« 

'  239  cm. 
3.0  cm. 


The  Volga  measurements  were  taken  in  the  same  cross  section. 
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with  average  depths  between  4.45  and  11.54  meters.  They  were  not 
used  by  Siedek  in  establishing  his  formula. 

The  results  of  the  various  comparisons  speak  for  themselves,  and 
indicate  a  greater  degree  of  accuracy  with  this  formula  than  with 
others  in  use.  Its  simplicity  is  a  great  advantage,  and  it  is  hoped 
that  its  use  may  facilitate  the  work  of  hydraulic  engineers. 

This  ends  the  translation  of  G'roger's  papers.  The  Miami  Con- 
servancy District's  tests  of  the  Groger  formula  are  described  in 
chapter  X. 
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CHAPTER  IX.— OTHER  VELOCITY  FORMULAS 

In  this  chapter  are  brought  together  all  of  the  most  important 
velocity  formulas  that  have  been  developed  in  the  past  forty  years, 
except  those  of  Kutter,  Bazin,  Siedek,  and  Groger,  which  have  been 
discussed  in  the  preceding  chapters.  The  early  formulas,  such  as 
Dubuat,  Girard,  De  Prony,  Young,  Ellet,  and  others  are  not  taken 
up  since  they  have  served  their  purpose  and  are  now  obsolete.  While 
a  few  additional  equations  that  have  won  favorable  mention  might 
have  been  included,  the  result  would  have  been  merely  a  duplication 
of  formulas  differing  only  in  detail.  Formulas  developed  for  imusual 
conditions,  such  as  the  equation  proposed  by  Thrupp  for  channels 
with  slopes  flatter  than  1  in  100,000,  see  -Proceedings  of  the  Insti- 
tution of  Civil  Engineers,  London,  Volume  171,  page  346,  are  not 
taken  up  since  their  use  is  seldom  necessary  in  practical  work. 

As  a  general  rule  the  discussions  in  this  chapter  will  be  limited 
to  a  description  of  the  formulas,  their  development  and  character- 
istics. Their  merits  will  be  considered  in  the  following  chapter.  It 
might  be  stated  here,  however,  that  although  certain  of  the  equations 
described  in  this  chapter  may  give  satisfactory  results  in  special  cases, 
no  one  of  them  could  be  recommended  for  general  use. 

The  following  notes  on  the  velocity  formulas  of  Hessle,  Christen, 
Hagen  and  Gaukler,  Hermanek,  Matakiewicz,  Lindboe,  and  Teubert 
were  taken  from  the  Handbuch  der  Ingenieur  Wissenschaften,  Teil 
III,  Band  I,  1911.  Although  additions  and  amendments  have  been 
made  in  certain  cases,  the  original  articles  have,  as  a  rule,  been  greatly 
condensed.  References  to  the  publications  in  which  the  formulas  were 
first  proposed  are  given  in  the  discussions,  in  all  cases,  so  that  anyone 
who  is  suflSciently  interested  may  pursue  the  subject  further.  The 
sources  of  our  information  regarding  the  other  formulas  taken  up  in 
this  chapter,  as  well  as  the  publications  in  which  they  first  appeared, 
are  indicated  in  their  respective  descriptions.  Formulas  and  tables 
which  have  been  taken  from  German  literature  are  given  in  their 
original  forms;  that  is,  according  to  the  metric  system  of  units. 

THE  HESSLE  FORMULA 

The  formula  for  the  velocity  in  natural  streams  proposed  by  Hessle 
in  Zeitschrift  fiir  Gewasserkunde,  Volume  II,  1899,  page  31,  is 

F  =  25(1  +  ^Vb)V«S  (46) 
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where  the  quantity  25(1  +  }4  '^^)>  which  corresponds  to  the  Chezy 
coefficient  C,  is  seen  to  be  independent  of  the  roughness  of  the  channel 
and  to  vary  only  with  the  hydraulic  radius  R. 

In  a  table  in  the  above  noted  publication,  Hessle  compared  his 
values  of  the  Chezy  coefficient  for  regular  natural  streams,  with  the 
corresponding  values  given  by  the  Bazin  and  Kutter  formulas,  slopes 
of  0.0008  and  0.00005  and  values  of  n  of  0.025  and  0.030  being  used 
in  the  Kutter  equation.  This  comparison  together  with  the  critical 
discussions  of  Hessle  are  more  important  than  his  attempt  to  derive 
equation  46  analytically. 

THE  CHRISTEN  FORMTTLA 

The  Christen  formula  was  given  in  Das  Gesetz  der  Translation 
des  Wassers  in  regelm&ssigen  Ean^en,  Fliissen,  und  Rohren,  The 
Law  of  the  Flow  of  Water  in  Regular  Canals,  Rivers,  and  Pipes,  by 
T.  Christen,  Leipzig,  1903;  and  also  in  Zeitschrift  fur  GewSsserkunde, 
Volume  VI,  1904,  pages  60  and  175. 

In  studying  the  experiments  made  in  timber  canals  by  Bazin, 
Christen  found  that,  under  otherwise  similar  conditions,  the  velocity 
was  in  proportion  to  the  cube  root  of  the  product  of  the  discharge  and 
the  slope,  QS;  also  that  with  like  values  of  Q  and  S  and  like  roughness, 
the  velocity  was  inversely  proportional  to  the  fourth  root  of  width 
B.  He  then  introduced  one  half  the  width  into  his  calculations,  ob- 
taining the  formula 


V  =  m^Syj?,  (47) 

in  which  K  and  m  are  constant  coefficients  whose  values  depend  upon 
the  roughness  of  the  channel. 

Christen  rightly  claims  that  the  roughness  coefficient  of  a  given 
stretch  of  river  must  take  on  different  values  with  time,  since  the 
deposited  material,  which  determines  the  roughness,  changes  not  only 
according  to  the  locality  but  also  with  the  gage  height.  In  general, 
the  grains  of  gravel  and  deposited  material  will  be  finer  the  further 
we  proceed  downstream.  At  a  given  place,  many  finer  constituent 
parts  of  the  bed  which  have  been  deposited  during  low  water  are  car- 
ried on  during  high  water.  The  coarser  gravel  which  is  likewise  set 
in  motion  by  high  water  is  again  dropped  at  average  stages;  and,  with 
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further  lowering  of  the  water  surface,  finer  suspended  matter  is  also 
deposited,  thereby  increasing  the  smoothness  of  the  bed. 

The  large  number  of  roughness  coefficients  given  by  Christen  will 
not  be  repeated.  He  found  that  the  degree  of  roughness  for  streams 
with  gravel  can  be  taken  as 

6.31 
m  = 


^DS 


which  would  give 


y  =  6.3lVD5-yf|  (48) 


This  equation  he  considered  applicable  in  all  cases  where  the  rough- 
ness of  the  stream  has  been  able  to  accommodate  itself  to  the  exist- 
ing stage.  In  criticizing  the  form  of  equations  47  and  48  it  has  been 
asserted  that,  according  to  these  equations,  V  would  increase  without 
limit  with  the  increase  of  the  width  B.  Although  this  is  theoretically 
true,  the  contention  is  without  value  in  practical  cases,  since  only  the 
eighth  root  of  B  enters  into  consideration. 

THE  HAGEN  AND  GAUKLER  FORMULA 

Hagen  and  Gaukler  attempted  to  deviate  from  the  basic  Chezy 
formula 

V  =  cVft5 

and  with  other  exponents  of  S  and  R  without  the  introduction  of  a 
roughness  coefficient,  attempted  to  obtain  results  which  would  agree 
more  closely  with  actual  measurements.  They  assumed  that  the  ex- 
ponents of  R  and  S  are  not  constants  except  for  a  given  class  of  pipes 
or  channels.  The  equations  for  small  and  large  streams  thus  estab- 
lished, however,  have  not  found  permanent  recognition.  Their  work 
was  recorded  by  Hagen  in  Abhandlungen  der  Koniglichen  Akademie 
der  Wissenschaften,  Berlin,  1854  and  1869;  in  Bewegung  des  Wassers 
in  Strdmen,  Movement  of  the  Water  in  Streams,  Berlin,  1868;  and  in 
Gleichfdrmige  Bewegung  des  Wassers,  Uniform  Movement  of  Water, 
1876.  Reference  should  also  be  made  to  Zeitschrift  des  Architecten 
imd  Ingenieure  Vereines  zu  Hannover,  1868,  page  327;  and  Zivil- 
ingenieur,  1869,  page  13. 

THE  HERMANEK  FORMULAS 

Hermanek  published  the  results  of  his  investigations  in  Zeitschrift 
des  Osterreichischen  Ingenieure  und  Architekten  Vereines,  1905,  imder 
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the  title  Die  mittlere  Profilgeschwindigkeit  in  natOrlichen  und  kiinst- 
lichen  Gerinnen,  The  average  velocity  in  the  cross  section  in  natural 
and  artificial  channels.  He  also  published  his  work  in  a  special 
reprint. 

Hermanek's  methods  were  similar  to  those  of  Hagen  and  Gaukler. 
However,  in  order  to  adapt  his  formulas  more  closely  to  actual  con- 
ditions, he  developed  special  equations  for  streams  of  different  average 
depths.  His  formulas,  which  do  not  agree  acceptably  with  numerous 
actual  measurements,  are  as  follows: 

V  =  30.7  Vd  Vds     applicable  when  D  <  1.5  meters  (49) 
y  =  34    Vd  VdS     applicable  when  D  >  1.5  <  6.0  meters    (50) 

V  =  {  50.2  +  -  j  ^fDS  applicable  when  D  >  6.0  meters  (51) 


THE  IIATAKIEWICZ  FORMULA 

Matakiewicz,  who  also  followed  the  procedure  of  Hagen  and  Gauk- 
ler, first  published  his  work  in  Osterreichischen  Wochenschrift  fiir  den 
affentlichen  Baudienst,  1905,  page  767.  From  300  measurements 
made  by  the  hydrographic  bureau  at  Lemberg  he  selected  20  in  which 
it  could  be  safely  assmned  that  the  surface  slope,  used  as  a  basis  for 


FIG.  60.— DIAGRAM  SHOWING  HOW  ERRORS  MAY  BE  MADE  IN 

DETERMINING  SURFACE  SLOPES. 

The  slope  obtained  by  measuring  elevations  at  Pi  and  Pt  is  qmte  different  from 
the  slope  at  the  measuring  point. 
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the  calculation,  agreed  with  the  equalized  slope  of  the  bed.  He  showed 
that  the  calculation  with  any  velocity  fonnula  may  be  used  only  upon 
stretches  of  streams  In  which  this  agreement  obtains,  and  in  which, 
for  this  reason,  an  approximately  uniform  velocity  prevails.  For  ex- 
ample, a  stretch  of  river  with  a  surface  slope  such  as  shown  in  figure 
50  could  not  be  used  for  calculation.  Evidently,  in  such  a  stretch, 
no  uniform  motion  can  take  place  on  account  of  irregular  fonnation 
of  the  bed ;  and  the  results  of  calculation  would  turn  out  still  more  in 
error  if  the  slope  applying  for  the  point  of  measurement  were  deter- 
mined from  the  gage  heights  at  Pi  and  Pt  and  the  distance  between 
them,  Pi  Pi.  Many  disagreements  which  appear  in  comparing  cal- 
culated results  may  be  traced  to  such  improperly  determined  surface 
slopes. 

Taking  the  20  selected  measurements  as  a  basis,  Matakiewics 
determined  the  exponents  m  and  n  in  the  equation 

V  =  C'S^D^  (52) 

using  the  method  of  least  squares  since  equation  52  reduces  to  the 
form 

log  7  =  logC'  +  mlogS  +  nlogZ) 

He  thus  obtained  the  formula 

V  =  33.922S*«Z)««»  (53) 

by  which  the  calculated  value  of  V  agrees  well  with  the  measured 
value  for  certain  individual  measurements.  In  other  cases  greater 
differences  occur,  the  greatest  variation  amounting  to  about  30  per 
cent. 

Recognizing  that  an  equation  with  fixed  exponents  did  not  corre- 
spond to  the  actual  measurements,  Matakiewicz  then  established  the 
equation 

V  =  345-2)«  (54) 

in  which  the  following  values  of  m  and  n  are  to  be  substituted: 

For  dopes  up  to  0.0020 m  »  0.50 

"      "   "  0.0025 m  «  0.51 

"      "    "  0.0035 m  -  0.52 

"      "   "  0.0045 m  -  0.63 

D  less  than  1  meter n  «  1-D 

D  greater  than  1  meter n  ■>  0.75 

Later  Matakiewicz  extended  his  investigations,  in  order  to  deduce 
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an  equation  that  could  be  used  for  all  slopes  and  depths.  The  results 
are  briefly  published  in  Zeitschrift  fiir  Gewasserkunde,  Volume  X, 
page  97 ;  see  also  Zentralblatt  der  Bauverwaltung,  1910,  page  646.  The 
investigation  was  based  on  292  measurements,  which  had  been  carefully 
selected  from  770.  The  770  measurements  were  first  arranged  accord- 
ing to  increasing  slopes  and  depths,  and  only  those  were  considered 
in  which  the  average  velocity  increased  with  increasing  depth  and 
increasing  slope.  The  average  velocity  V  was  then  found  to  be  repre- 
sented as  a  function  of  the  slope  and  average  depth,  as  follows: 

_     116S<^'^^+^^     ^  ^__. 

*^  ""  2.2  +  X><2/3+0.15/Z)«)  ^  ^55) 

Table  43  calculated  by  this  formula  is  taken  from  Zeitschrift  fdr 
Gewasserkunde.  It  gives  directly  the  average  velocity  V  in  meters 
for  any  given  average  depth  and  slope. 

THE  LINDBOE  FORMULA 

The  Lindboe  formula  and  the  investigations  which  led  to  its  de- 
velopment were  described  by  Dr.  Lindboe  in  Zeitschrift  ftir  Gewfisser- 
kunde,  Volume  X,  page  1,  under  the  title  Eine  neue  Formel  zur  Er- 
mittelung  der  mittleren  Geschwindigkeit  in  nattirlichen  Wasserl&ufen. 
His  work  was  also  discussed  in  Zentralblatt  der  Bauverwaltung,  1910, 
page  398. 

Dr.  Lindboe  made  a  careful  study  of  existing  measurements  in 
order  to  establish  the  relations  between  the  width  of  water  surface, 
the  average  depth,  and  the  surface  slope,  without  having  to  introduce 
a  value  for  roughness  into  the  calculations.  In  this  he  followed  the 
theories  of  Siedek.  Lindboe  confined  his  studies  to  natural  water 
courses  since  the  need  of  doing  away  with  the  selection  of  a  coefficient 
of  roughness  is  much  greater  for  these  than  for  artificial  channels, 
whose  roughness  is  generally  known.  He  has  based  his  work  on  537 
measurements  used  by  Siedek,  122  others  from  the  Jahrbuch  des 
Gewasserkunde  Norddeutschlands,  1907,  and. 9  measurements  from 
the  Entwicklung  der  Hydrometrie  der  Schweiz,  1907,  or  668  measure- 
ments in  all. 

The  preliminary  studies  of  Lindboe  led  him  to  believe  that  the 
influence  which  the  width  of  water  surface,  the  average  depth,  and 
the  slope,  exercise  on  the  average  velocity,  could  best  be  expressed  if 
the  influence  of  the  width  was  considered  in  such  a  way  that  V  appeared 
not  only  as  a  function  of  the  slope  and  the  average  depth,  but  also  as 
a  function  of  the  relation  D/B. 
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He  therefore  placed 

V  =  *a(|)./(D).i8(5) 

in  which  X;  is  a  constant,  and  a{D/B),f{D),  and  P(S)  functions  to  be 
more  closely  determined.  The  function  a{D/B)  must  be  so  formed 
that  the  expression  constantly  approaches  a  fixed  limiting  value  with 
unlimited  increase  of  width  B.    Therefore 


"(f)=»-<f) 


was  taken  as  this  value,  in  which  m,  q,  and  p  represent  numerical 
values  to  be  determined  by  the  studies.  For /(D)  and  P{S)  the  simple 
forms  /(D)  equals  D"  and  /3(S)  equals  S"  were  chosen,  in  which  the 
numerical  values  n  and  r  were  to  be  determined.    This  gave 

y  =  t[m  +  g(|y]D«S^  (56) 

lindboe  worked  out  values  of  the  unknown  quantities  for  the  indi- 
vidual measurements  studied.  The  results  were  separated  into  groups 
with  D/B  approximately  the  same,  and  these  into  sub-groups  with 
approximately  similar  values  of  S.  The  calculations  were  carried  out 
by  means  of  the  method  of  least  squares,  and  graphic  averaging  was 
employed.    It  was  found  permissible  to  take  p  equal  to  1.    Therefore, 


or 


The  sign  of  D/B  is  always  found  to  be  negative,  giving 


7  =  Jbx[mi-|]2>«5r 


(57) 


Further  calculations  showed  that  there  are  no  uniform  values  of 
the  imknowns,  n  and  r,  which  correspond  to  the  results  of  measure- 
ments for  all  depths,  all  slopes,  and  all  relations  of  D/B.  The  formula 
is  arranged,  therefore,  in  a  series  of  12  equations  whose  limits  of  appli- 
cability are  indicated  in  table  44. 
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Table  44.— Undboe't  Equations  for  Determiiiiiig  the  Velocity  of  Water  in  Natural 

Streams 


ATcrai*  Depth.  Meters 

^<  0.0006 

5  <  0.028 

^>  0.028 

D<1.12 

I»  1.12  and  <3.65 
D>3.e6 

7-23.37(o.822-g)z>»  •  5»  « 
7-24.1l(o.822-|)z>»  »5*« 
7-27.45(0.822- g)z>»-»S»" 

7-8.10(2.203-5)  z>»*s»« 

7-8.45  (2.203-I)  Z>»»5»« 
7-0.62  (2.203- g)  Z>»-»5»« 

A^ence  Depth.  Meten 

8  >  0.0006  and  <  0.006 

^<  0.028 

J  >  0.028 

D<1.12 

I»  1.12  and  <3.d5 

D>3.e6 

7-33.86(o.822-gW  •  5* « 
7-34.04(o.822-g)z>»  «5»« 
7-30.77(o.822-gW  »5* « 

7-11.86(2.203-|)z>»*5»« 
7  - 12.24(2.203- 1)  Z>»  »S»  « 
7  - 13.04(2.203- J)  Z>».»5»  « 

{Minimum  B,  10  meters. 
Maximum  S,  0.5  per  cent,  26.4  feet  per  mile. 
Maximum  D/B,  0.1. 


THE  TEUBERT  FORMULA 

Teubert,  in  dealing  with  the  determination  of  a  suitable  cross  sec- 
tion for  the  middle  Elbe,  took  the  general  exponential  formula 

as  a  basis;  and  by  a  study  of  a  large  number  of  discharge  measure- 
ments made  from  1883  to  1886,  using  the  method  of  least  squares, 
he  deduced  the  formula 


V  =  46.91iS»«»^i)»»*« 


(58) 


Since  the  exponents  in  this  equation  are  practically  3^  and  }4  ^^  chose 
for  his  general  formula  the  form 


V  =  46.9lVs^2) 


(59) 


Teubert  published  his  studies  in  Berlin  in  1894  under  the  title 
Die  Verbesserung  der  Schiffbarkeit  imserer  Strome  durch  Begulierung. 
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THE  HARDER  FORMULA 

The  Harder  velocity  formula,  which  has  akeady  been  mentioned 
in  chapter  III,  in  connection  with  the  discussion  of  the  1913  flood 
measurements,  was  published  in  1880  in  Rtlhlman's  Hydromechanik 
page  408,  m  the  following  form 

V  =  (36.27  +  7.254  V^  VfiS  (60) 

This  equation,  which  is  of  the  general  Chezy  type,  the  quantity 
in  parenthesis  corresponding  to  the  Chezy  coefficient  C,  is  very  simi- 
lar to  the  formula  of  Hessle.  The  quantity  corresponding  to  the 
Chezy  coefficient  is  seen  to  be  independent  of  the  roughness  of  the 
channel  and  to  vary  only  with  the  hydraulic  radius  /Z.  While  equa- 
tion 60  may  have  given  accurate  results  in  the  Bober  River  investi- 
gations, where  it  was  used,  it  was  not  found  to  be  applicable  to  con- 
ditions in  the  Miami  Valley. 

THE  WnJJAMS  AND  HAZEN  FORMULA 

The  exponential  formula  proposed  by  Gardiner  S.  Williams  and 
Allen  Hazen  in  their  book  of  Hydraulic  Tables,  is 

V  =  C'i?"5»"0.001-^«  (61) 

in  which  C  is  only  slightly  different  from  the  Chezy  coefficient.  The 
quantity  0.001"^-^  was  introduced  in  order  that  when  12  is  1  and  S 
is  0.001,  C  will  be  equal  to  the  Chezy  coefficient,  this  being  done  be- 
cause engineers  generally  know  the  value  of  the  latter  constant  for 
ordinary  slopes  such  as  0.001. 

Although  this  formula  was  designed  primarily  for  computing  the 
velocity  in  pipes,  it  has  occasionally  been  applied  to  the  determina- 
tion of  flow  in  open  channels  as  well.  Difficulties  of  calculation  due 
to  the  odd  exponents  are  eliminated  by  the  use  of  a  special  slide  rule 
designed  for  that  purpose.  The  value  of  C  to  be  substituted  in  equa- 
tion 61  in  a  given  case,  is  to  be  determined  from  a  study  of  the  experi- 
mental data  in  table  2  of  the  above-mentioned  book.  This  table, 
which  contains  the  average  hydraulic  elements  of  about  500  gagings, 
taken  principally  from  the  work  of  Darcy  and  Bazin,  has  not  been 
reproduced  since  the  original  book  can  be  easily  obtained  by  anyone 
who  is  sufficiently  interested.  Moreover,  the  adoption  of  formula  61 
for  use  in  any  important  work  does  not  seem  advisable. 

THE  WH^LIAMS  FORMULA 

In  Section  9  of  Merriman's  American  Civil  Elngineers'  Pocket  Book, 
third  edition,  page  858,  Gardiner  S.  Williams  gives  an  exponential 
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formula  for  the  computation  of  velocities  in  open  channels,  in  the 
form 

V  =  C'R'^'^S^'^  (62) 

In  this  formula,  which  is  only  slightly  different  from  equation  61, 
values  of  C  are  to  be  taken  as  follows: 

For  very  smooth  channels 205  to  185 

For  ordinary  unplaned  plank 165  to  155 

For  ordinary  sewer  crock 155  to  125 

For  ordinary  brick  sewers 155  to  120 

For  ordinary  earth  channels 105  to   75 

For  rough  natural  channels 75  to   45 

In  order  to  secure  accurate  results  by  the  use  of  equation  62  it 
is  necessary  to  determine  accurately  the  value  of  the  coefficient  C\ 
Such  a  determination  is  not  possible  from  the  above  recommendations 
since  the  range  in  values  given  for  a  particular  class  of  channels  vary 
from  20  per  cent  in  the  case  of  very  smooth  channels  to  50  per  cent 
in  the  case  of  rough  natural  channels. 

THE  BIEL  FORMXTLA 

Biel  proposed  a  general  formula  for  the  flow  of  liquids  and  gases 
in  1907,  in  Zeitschrift  des  Vereines  deutscher  Ingenieure,  Mittheil- 
ungen  liber  Forscharbeiten,  Heft  44.  A  brief  discussion  of  his  equa- 
tion is  given  in  Merriman's  Hydraulics,  tenth  edition;  from  which 
the  following  notes  were  taken.  Biel's  equation,  which  is  recom- 
mended for  both  pipes  and  channels,  is 

^ 3281RS 

■  0.12  +  i^  +  ^t?5K 

in  which  F,  R,  and  S  have  the  usual  significance,  /is  a  roughness  factor, 
and  X  is  a  viscosity  coefficient.  For  water  K  has  the  value  0.0.179 
when  the  temperature  is  32®  F.,  0.0135  when  the  temperature  is  50** 
F.,  and  0.0100  when  the  temperature  is  68®  F.  Consequently  this 
formula  would  give  an  increase  in  velocity  with  an  increase  in  temper- 
ature.   Values  of  /  are  as  follows: 

For  planed  boards  and  wrought  iron  pipes 0.018 

For  new  cast-iron  pipes  and  smooth  cement  pipes 0.036 

For  rough  boards  and  smooth  brickwork 0.054 

For  regular  masonry  and  common  brick  channels 0.072 

For  rough  masonry  and  earth  canals  with  brick  walls 0.29 

For  canals  in  earth  and  regular  streams 0.50 

For  canals  and  rivers  with  stones  and  weeds 0.75 

For  canals  and  rivers  in  bad  condition 1.06 
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Biel  gives  the  following  as  showing  the  relation  between  his  /  and 
Kutter's  n: 


Kutter's  n  =  0.010 

0.012 

0.013 

0.020 

0.025 

0.030 

0.035 

Biel'B       /  =  0.018 

0.054 

0.072 

0.29 

0.50 

0.75 

1.06 

THE  ELLIOTT  FORMULA 

A  rather  simple  expression  for  use  ixi  drainage  work,  now  known 
as  the  Elliott  formula,  was  given  by  Chas.  G.  Elliott  on  page  151  of 
his  Engineering  for  Land  Drainage.  This  equation^  which  is  merely 
a  modified  form  of  one  used  by  English  engineers,  is 

V  =  Vl.5Bff  (64) 

in  which  12  and  V  have  the  usual  significance  and  H  is  the  fall  of  the 
water  surface  in  feet  per  mile.  For  ordinary  drainage  ditches  it  gives 
about  the  same  results  as  Kutter's  formula  with  n  equal  to  0.0225. 

THE  IIANNING  FORMULA 

Robert  Manning  published  the  results  of  his  velocity  formula  in- 
vestigations in  two  papers,  both  of  which  were  printed  in  the  Trans- 
actions of  the  Institution  of  Civil  Engineers  of  Ireland  imder  the  title 
On  the  Flow  of  Water  in  Open  Channels  and  Pipes.  The  first  paper 
appeared  in  Volume  XX,  1891,  page  161,  and  the  second  in  Volume 
XXIV,  1895,  page  179. 

Manning  proposed  the  general  formula 

7  =  CiV5^r  Vft+^(fl-0.15m)l  (66) 

in  which  V  is  the  mean  velocity  per  second  for  all  measures  of  length; 
Ci,  a  coefficient  which  varies  with  the  nature  of  the  bed;  S,  the  sine 
of  the  angle  of  the  inclination  of  the  surface;  R,  the  mean  radius;  g, 
the  acceleration  due  to  gravity;  and  m,  the  height  of  the  colunm  of 
mercury  which  balances  the  atmospheric  pressure.  Taking  m  equal 
to  2.5  feet  the  formula  for  channels  in  earth  in  good  conditions  be- 
comes 

V  =  62Vs(Vft+^-0.05J 
for  English  measures,  and 

V  =  34VsrVft +^-.0.03J 
for  metric  measures. 
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In  deducing  equation  65  Manning  proceeded  in  the  following  man- 
ner. He  calculated  the  velocity  for  various  values  of  B  and  a  con- 
stant slope  of  0.0001,  by  each  of  seven  different  equations;  namely 
those  of  Chezy-EytelweiU;  Dubuat,  Darcy  and  Bazin,  Weisbach,  St. 
Venant,  Ganguillet  and  Kutter,  and  Neville.  He  then  calculated 
the  average  velocity  for  each  value  of  R,  from  the  seven  independent 
results,  and  attempted  to  find  a  formula  which  would  give  these  mean 
values.    He  first  obti^ined  the  equation 


•      7  =  32  VfiS(l  +  R^f^) 

Next  he  assumed  that  the  exponent  of  S  was  constant  and  equal  to 
}4i  &^d  proceeded  to  determine  the  exponent  of  R,  obtaining  the  equa- 
tion 

7  =  46  Vsfi^ 

He  then  availed  himself  of  certain  of  Bazin's  experiments  and  deduced 
the  equation 

He  applied  this  formula  to  170  experiments  made  by  Bazin,  Kutter, 
Bevy,  Fteley  and  Steams,  and  Humphreys  and  Abbot,  and  found 
that  it  gave  satisfactory  results  for  all  except  the  Mississippi  River 
gagings.    For  these  he  found  it  necessary  to  use  the  equation 


V  =  61i2^''  V(5  +  0.00001) 

In  order  to  eliminate  the  practical  disadvantage  of  requiring  the 
extraction  of  a  cube  root,  as  well  as  to  comply  with  Dubuat's  conclu- 
sion that  the  resistances  are  in  a  less  ratio  than  the  square  of  the  veloc- 
ity, he  adopted  the  form 

F  =  C«Vs^(Vft +  (/)/?) 

from  which  he  deduced  equation  65.  The  term  m  was  introduced 
because  the  formula  as  first  derived  did  not  give  correct  results  for 
pipes  of  small  diameter  and  because  it  was  not  quite  homogeneous. 
He  concluded  that  some  function  had  been  neglected,  and  upon  investi- 
gation, found  it  to  be  very  small,  nearly  constant,  and  a  square  root, 
and  that  it  could  be  taken  care  of  by  introducing  the  atmospheric 
pressure. 

Manning  calculated  the  velocity  by  his  formula,  using  a  constant 
coefficient  for^each  series,  for  each  of  the  experiments  given  in  the 
table  in  Hering  and  Trautwine's  translation  of  the  Kutter  book  begin- 
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ning  on  page  78.  He  found  that  his  formula  gave  results  not  more 
than  10  per  cent  in  error  in  178  cases  out  of  the  total  of  210,  or  in  about 
84.76  per  cent  of  the  total  number  of  cases.  The  corresponding  fig- 
ures for  the  Eutter  formula  were  177  cases  and  84.30  per  cent.  He 
then  applied  his  formula  to  643  experiments  made  on  pipes  as  well 
as  in  open  channels  and  obtained  results  not  more  than  10  per  cent 
in  error  in  528  cases,  or  in  83  per  cent  of  the  total  number. 

THE  SCHMEER  FORMULA 

In  1909  Louis  Schmeer  presented  new  formulas  for  the  compu- 
tations of  velocities  in  pipes,  conduits,  and  channels,  in  a  book  entitled 
The  Flow  of  Water.  This  publication  was  reviewed  in  the  Engi- 
neering News  by  Gardiner  S.  Williams  April  14,  1910.  Schmeer 
again  published  descriptions  of  his  formulas  and  their  methods  of 
development  in  Engineering  and  Contracting  September  23,  1914. 
His  investigations,  which  are  somewhat  novel,  have  not  won  any- 
appreciable  acceptance  among  practicing  engineers. 

THE  BARNES  FORMULA 

A.  A.  Barnes,  an  English  engineer,  recently  published  the  results 
of  his  hydraulic  studies  in  a  book  entitled  Hydraulic  Flow  Reviewed, 
an  abstract  of  which  was  published  in  the  Engineering  News,  Oct. 
19,  1916.    Barnes  simply  took,  as  a  basis,  Hagen's  general  formula, 

V  =  CR^^  (66) 

and  by  plotting  experimental  results  on  logarithmic  paper  deduced 
the  values  of  the  coefficient  C  and  the  exponents  a  and  j3  for  several 
classes  of  roughness.    These  values  are  given  in  table  45. 

His  equation  for  earth  channels  and  canals  in  average  working 
condition  and  for  rivers  free  from  vegetation  is 

V  =  58.4fl«««S«««  (67) 

although  he  says  that  "  For  those  who  require  an  easy  formula  for 
calculation,  and  in  cases  where  great  accuracy  is  not  required,  the 
following  equation  may  be  used  ": 

V  =.60i2-^«5«>  (68) 

Regarding  this  equation  he  later  adds:  '^  Results  given  by  this  formula 
should  not  vary  much  from  the  true  values,  but  in  view  of  the  large 
range  of  m  (we  have  substituted  R  for  m)  which  is  covered  in  the  case 
of  rivers,  the  author  does  not  recommend  its  general  use.'' 
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Table  45.— Values  of  the  Coeffident  C  and  the  Exponents  a  and  fi  in  Equation  66, 

Detennined  by  Barnes 


Materials  of  CooBtruetlon 


a 


New  asphalted  cast  iron  pipeB 

New  uncoated  cast  iron  pipes 

New  asphalted  screw  jointed,  riveted  wrought  iron  pii>e8 

New  asphalted  single  riveted  wrought  iron  and  steel  pip^es  . . 
New  asphalted  double  riveted  wrought  iron  and  steel  pipes, 

taper  or  c^rlinder  joints 

Clean  lead  pipes 

Clean  ^ass  pipes 

Qean  planed  wood  troughs  or  flumes  and  new  smooth  wood 

stave  pipes 

Clean  unplaned  wood  troughs  or  flumes  and  new  unplaned 

wood  stave  pipes 

Clean  neat  cement  channels  or  pipes 

Qean  hard  brick  well  pointed  conduits 

Clean  smootii  faced  concrete  conduits 

Dressed  masonry  channels  in  cement  with  no  projecting 

surfaces , 

Rockfaced  masonry  channels  in  cement 

Hanuner  dressed  ory  masonry  water  courses 

Earth  channels  and  canals  in  average  working  condition  and 

rivers  free  from  vegetation 


174.1 
136.6 
190.2 
171.4 

129.9 
232.8 
143.0 

223.3 

182.5 

136.3 

92.1 

95.1 

109.7 
80.5 
70.0 

58.4 


.769 
.600 
.608 
.723 

.440 
.679 
.562 

.660 

.666 
.635 
.602 
.567 

.713 
.653 
.820 

.694 


fi 


.529 
.512 
.557 
.527 

.520 
.591 
.556 

.586 

.569 
.484 
.466 
.471 

.483 
.482 
.500 

.496 


The  appendix  contains  tables  in  which  velocities  computed  by  the 
various  equations  are  compared  with  those  obtained  by  measurement, 
a  total  of  807  comparisons  being  included,  of  which  162  are  for  earth 
channels.  At  first  glance  the  results  of  these  comparisons  would  seem 
to  indicate  a  remarkable  accuracy  of  the  formulas.  Upon  further  in- 
vestigation, however,  it  appears  that  the  observations  chosen  by  Barnes 
in  making  the  comparisons  are  hardly  representative  of  the  avail* 
able  data.  They  consist  chiefly  of  gagings  that  were  used  by  Ganguil- 
let  and  Kutter  and  by  Bazin  in  the  development  of  their  formulas, 
although  only  a  part  of  the  data  accepted  by  these  investigators  was 
taken.  Moreover,  of  the  particular  series  chosen  by  Barnes,  only 
selected  measurements  were  included  in  the  comparisons.  Probably 
one  half,  or  more,  of  the  gagings  in  these  tables  were  made  prior  to 
1860.  Although  the  author  claims  that  these  tables  form  the  most 
complete  lists  that  have  so  far  been  compiled,  comparatively  few  new 
gagings  are  given  and  none  of  the  recent  experiments  made  by  Amer- 
ican engineers  were  utilized,  such  as  those  published  by  the  U.  S. 
Reclamation  Service  in  the  Reclamation  Record  of  July,  1913.  While 
the  author  claims  to  have  accepted  only  reliable  experiments,  the 
tables  will  be  found  to  contain  such  gagings  as  Dubuat's  as  well  as 
experiments  in  which  the  surface  slopes  were  determined  by  aneroid 
barometers.  In  view  of  these  conditions  the  comparisons  can  hardly 
be  considered  to  constitute  accurate  tests  of  the  formulas. 
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THE  ELUS  FORMTTLA 

The  Ellis  formula,  which  was  proposed  in  a  paper  entitled  The 
Flow  of  Water  in  Irrigation  Channels,  printed  in  the  Transactions 
of  the  American  Society  of  Civil  Engineers,  Volume  LXXX,  page 
1644,  is  simply  an  exponential  equation  very  similar  to  equation  62, 
being 

V  =  C'R9^S^'^  (69) 

Ellis's  paper  and  the  accompanying  discussions  are  interesting. 
The  value  of  his  investigations  is  well  set  forth  by  the  discussion  of 
Allen  Hazen. 
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CHAPTER  X.— COMPARISONS  OF  FORMULAS 

For  the  purpose  of  discussion  and  comparison  the  various  velocity 
formulas  may  be  arranged  in  four  classes,  as  follows: 

1.  The  German  formulas  which  have  been  developed  on  the  as- 
sumption that  a  roughness  factor  is  not  necessary. 

2.  Formulas  of  the  exponential  type  in  which  roughness  conditions 
are  accounted  for  by  a  coefficient  somewhat  similar  to  the  Chezy 
coefficient. 

3.  Miscellaneous  formulas  such  as  the  one  proposed  by  Biel. 

4.  The  formula  of  Bazin  and  that  of  Kutter. 

GERMAN  FORMULAS 

In  this  class  may  be  considered  the  equations  of  Siedek,  Grog^r, 
Hessle,  Christen,  Hagen  and  Gaukler,  Hermanek,  Matakiewicz,  lind- 
boe,  Teubert,  and  Harder.  The  formulas  of  Hagen  and  Gaukler, 
Teubert,  and  Harder  need  not  be  taken  up.  Hagen  and  Gaukler's 
work  never  won  any  appreciable  acceptance  among  practicing  engi- 
neers, Teubert's  formula  was  not  recommended  for  general  use,  and 
Harder's  formula  is  so  nearly  like  Hessle's  that  it  need  not  be  con- 
sidered separately. 

For  the  purpose  of  testing  the  general  applicabiUty  of  the  remain- 
ing formulas  of  this  class,  as  well  as  to  determine  their  relative  value, 
it  was  decided  to  make  a  number  of  studies  on  the  basis  of  data  given 
in  chapters  III  and  IV.  The  following  measurements  and  experi- 
ments were  selected : 

1.  The  1913  flood  measurements  on  the  Miami  River  at  Tadmor. 

2.  The  1913  flood  measurements  on  the  Mad  River  at  Springfield. 

3.  Experiments  22  and  25  made  on  the  Miami  River  cut-off  chan- 
nel in  Dayton. 

4.  Experiment  46  made  on  the  Ohio  River  at  Cincinnati. 

5.  Experiments  16  and  17  made  on  the  Miami  River  in  Dayton. 

6.  Experiments  10  and  11  made  on  the  Miami  River  at  Tadmor. 

7.  Experiments  35,  36,  and  37  made  on  the  Miami  and  Erie  Canal 
in  Dayton. 

8.  Experiments  40,  41,  and  42  made  on  Ditch  No.  1  in  Mississippi 
County,  Arkansas. 

9.  Experiments  43,  44,  and  45  made  on  Ditch  No.  40  in  Missis- 
sippi County,  Arkansas. 

10.  Experiments  28  to  34,  inclusive,  made  on  the  Bogue  Phalia 
River  in  Mississippi. 
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11.  Typical  experiments  on  the  Mississippi  River  above  CarroUton, 
Louisiana. 

In  the  case  of  the  1913  flood  measurements  at  Tadmor  and  at 
Springfield  the  discharge  was  calculated  for  each  cross  section  by  each 
of  the  German  formulas  and  also  by  the  Bazin  formula.  Results  had 
already  been  calculated  by  the  Kutter  formula  since  the  preliminary 
estimates  of  the  1913  flood  discharge  had  been  determined  by  that 
equation.  At  Tadmor  the  cross  sections  were  divided  into  main  chan- 
nel and  overflow  areas  and  the  discharge  computed  for  each  part 
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FIG.  61.— COMPARISON  OF  GERMAN  VELOCITY  FORMULAS  BASED 

ON  THE  1913  FLOOD  MEASUREMENTS. 

The  velocity  at  each  cross  section  of  the  Tadmor  and  Springfield  measurements 
was  computed  by  each  formula.  The  results,  expressed  in  percentages  of  the  con- 
tracted opening  estimates,  are  shown  by  the  dots. 

separately,  using  the  method  explained  in  chapter  III.  This  method 
was  not  necessary  at  Springfield,  since  the  hydraulic  radii  of  the  over- 
flow sections  were  nearly  as  great  as  those  of  the  main  channels.  In 
the  computations  by  the  Kutter  formula  different  values  of  n  were 
used  for  the  different  parts  of  the  various  cross  sections,  the  value  at 
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a  particular  place  being  based  on  the  local  roughness  conditions.  In 
the  computations  by  the  Bazin  equation,  however,  a  constant  value 
of  m  of  1.75  was  used  throughout,  because  only  scanty  data  was  avail- 
able regarding  the  use  of  this  formula  under  such  conditions.  The 
value  of  1.75  is  the  highest  that  has  been  reconunended  for  any  type 
of  channel.  The  results  of  the  comparisons  are  shown  in  figure  51. 
Each  point  represents  the  ratio,  in  per  cent,  of  the  calculated  dis- 
charge at  a  single  cross  section  to  the  discharge  determined  by  the 
contracted  opening  measurements. 
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FIG.  52.— COMPARISON  OF  GERMAN  VELOCITY  FORMULAS  BASED 

ON  ROUGHNESS  FACTOR  EXPERIMENTS. 

The  velocities  calculated  by  the  formulas,  expressed  as  percentages  of  the 
measured  values,  are  shown  by  the  dots.  The  experiment  numbers  are  the  same 
as  in  table  9. 


At  the  other  locations  velocities  were  calculated  by  each  of  the 
German  formulas,  but  were  not  computed  by  the  Kutter  and  Bazin 
equations,  as  the  values  of  n  and  m  corresponding  to  the  given  con- 
ditions had  been  calculated  from  the  observed  data  and  were  therefore 
known.    Since  the  hydraulic  conditions  at  the  various  locations  were 
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FIG.  53.-CJOMPARISON  OF  GERMAN  VELOCITY  FORMULAS  BASED 
ON  ROUGHNESS  FACTOR  EXPERIMENTS,  CONTINUED. 

such  that  the  division  of  the  cross  sections  into  parts  was  not  re- 
quiredy  it  was  not  necessary  to  calculate  the  discharge  as  it  was  in 
the  case  of  the  1913  flood  measurements  at  Tadmor.  Comparisons 
could  be  made  directly  on  the  basis  of  the  velocity.  In  these  instances 
the  computations  were  made  for  the  average  conditions  correspond- 
ing to  each  experiment  instead  of  for  each  cross  section.  Calculations 
based  on  the  Mississippi  River  data  were  made  for  individual  experi- 
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ments,  not  for  the  average  conditions  given  in  table  9,  which  were  in 
each  case  determined  by  five  consecutive  measurements.  Compu- 
tations of  velocity  for  the  individual  experiments  at  this  location  were 
made  by  two  methods,  however,  first  on  the  basis  of  the  total  cross 
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FIG.  64.— COMPARISON  OF  GERMAN  VELOCITY  FORMULAS  BASED 
ON  ROUGHNESS  FACTOR  EXPERIMENTS,  CONTINUED. 

£2xperiment8  28  to  34  were  made  on  the  Bogue  Phalia  River  in  MiBsisBippi. 
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section  including  overflow;  and  second,  on  the  basis  of  the  main  chan- 
nel only. 

The  results  of  the  studies  at  the  various  locations  are  shown  in 
figures  52  to  55  inclusive.  Each  point  represents  the  ratio,  in  per 
cent,  of  a  calculated  velocity  to  an  actual  velocity. 

A  study  of  figures  51  to  55  fails  to  disclose  any  advantages  of  for- 
mulas of  this  class.  No  one  of  the  equations  gave  satisfactory  re- 
sults for  all  locations.  In  fact  no  one  of  them  could  be  considered  to 
be  definitely  better  than  the  others.  Although  the  results  calculated 
by  the  Hessle  equation  show  up  fairly  well  in  figures  52  to  54,  and  in 
part  of  figure  55,  they  are  among  the  worst  in  figure  51.  But  even 
in  figures  52  and  53,  where  this  equation  seems  to  possess  advantages 
over  the  others,  the  results  are  so  discordant  and  so  greatly  in  error 
that  the  formula  could  not  be  recommended  for  use  under  similar 
conditions. 

The  results  determined  by  the  Siedek  formula,  which  is  long  and 
complicated  and  which  was  based  on  an  extensive  study  of  discharge 
measurements,  are  apparently  the  most  erratic  and  discrepant  of  all. 
In  the  case  of  the  Mississippi  Biver  experiments  computed  on  the 
basis  of  the  main  channel  alone,  this  equation  hardly  gives  any  velo- 
city at  all.  On  the  other  hand,  its  application  to  the  Miami  and 
Erie  Canal  measurements  gives  results  twice  as  large  as  the  actual 
velocities.  For  either  of  these  series  of  observations  the  first,  or  basic 
term  of  the  Siedek  equation  gives  results  approximately  correct.  The 
terms  that  were  added  in  order  to  allow  for  abnormal  conditions 
produce  the  erratic  results.  For  the  Miami  and  Erie  Canal  experi- 
ments the  values  of  the  second  term,  or  depth  correction,  are  positive 
and  are  practically  as  large  as  the  values  of  the  first  term.  For  the 
Mississippi  Biver  experiments  the  values  of  the  fourth  term,  or  mass 
correction,  are  negative  and  are  nearly  as  great,  numerically,  as  the 
velocities  calculated  by  the  basic  term.  If  the  mean  depth  were  only 
sUghtly  greater  in  the  latter  instance,  the  calculated  velocities  would 
be  negative.  Although  the  appUcation  of  a  velocity  formula  to  a 
channel  such  as  that  of  the  Mississippi  Biver  must  be  considered  a 
rather  severe  test,  it  must  be  remembered  that  Siedek,  himself,  in- 
cluded in  his  comparisons  rivers  of  similar  size,  such  as  the  Volga  at 
Shiguly. 

The  results  plotted  in  figure  51  which  were  calculated  by  the  Bazin 
equation  seem  to  be  no  better  than  those  that  were  calculated  by  the 
German  formulas.  The  results  determined  by  the  use  of  the  Kutter 
equation,  however,  seem  to  possess  a  decided  advantage  over  the 
others.  The  apparant  superiority  of  the  Kutter  formula  over  the 
Bazin  formula  is  due  to  the  fact  that  better  information  was  at  hand 
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regarding  the  values  of  n  for  such  conditions  than  was  available  re- 
garding the  values  of  m.  The  fact  that  the  value  of  n  was  varied  at 
the  different  sections,  according  to  the  local  roughness  conditions^ 
also  led  to  more  consistent  results  by  the  Kutter  equation.    These 
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FIG.  65.— COMPARISON  OF  GERMAN  VELOCITY  FORMULAS  BASED 
ON  ROUGHNESS  FACTOR  EXPERIMENTS,  CONTINUED. 

The  experiments  used  in  this  comparison  were  made  on  the  Mississippi  River 
above  Carrollton,  Louisiana. 

two  equations,  which  have  been  placed  in  a  class  by  themselves,  will 
be  taken  up  in  detail  later.  Figure  51  shows,  however,  that  a  formula 
such  as  Kutter's,  which  contains  a  variable  coefficient  to  allow  for 
roughness  conditions,  possesses  advantages  over  those  in  which  rough- 
ness is  not  considered. 
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PIG.  56.— SUMMARY  OF  COMPARISONS  OF  GERMAN  VELOCITY 

FORMULAS. 

This  diagram  shows  also  the  average  value  of  Kutter's  n  for  each  location. 
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Figure  56  shows  for  each  of  the  various  locations  the  average  result 
obtained  by  each  formula.  For  the  purpose  of  comparison,  and  in 
order  to  bring  out  the  necessity  for  the  use  of  a  roughness  coefBicienty 
the  average  value  of  n  determined  from  the  measured  quantities,  has 
been  plotted  also.  The  line  connecting  the  values  of  n  is  seen  to 
follow  closely  the  lines  that  represent  the  results  obtained  by  the  for- 
mulas. That  iS|  practically  all  equations  gave  velocities  too  high 
when  applied  to  rough  streams  where  n  was  high,  and  velocities  too 
low  when  applied  to  smooth  channels  where  n  was  low.  The  indi- 
cations are  that  the  formulas  were  developed  for  conditions  where 
n  was  about  0.030  or  0.035. 

Briefly  stated  the  studies  and  comparisons  of  the  various  German 
formulas  lead  to  two  conclusions. 

1.  No  one  of  them  possesses  sufficient  merit  to  warrant  its  use  in 
any  important  work. 

2.  In  any  general  formula  for  computing  velocities  in  open  chan- 
nels a  roughness  coefficient  is  necessary. 

EXPONENTIAL  FORMULAS 

In  this  class  may  be  considered  equations  of  the  general  form 

V  =  CRTS' 

in  which  x  and  y  are  constants  determined  from  experimental  data 
and  C  is  a  coefficient  somewhat  similar  to  the  C  in  the  Chezy  formula. 
The  equations  proposed  by  WilUams,  Williams  and  Hazen,  Ellis,  and 
Barnes,  are  a  few  typical  examples  of  the  numerous  formulas  of  this 
nature  that  have  been  set  forth  at  various  times  during  the  past  half- 
century.  In  some  of  the  formulas,  as  for  instance  the  first  three  men- 
tioned, the  values  of  x  and  y  are  assumed  to  be  the  same  for  all  classes 
of  wetted  perimeters  and  the  coefficient  C  is  to  be  varied  according  to 
the  roughness,  size,  slope,  and  shape  of  the  channel,  and  according  to 
any  other  conditions  that  may  affect  the  velocity.  In  others,  as  for 
instance  the  formula  proposed  by  Barnes,  the  values  of  x  and  y  are 
varied  for  the  different  classes  of  roughness.  In  the  latter  cases  the 
variation  in  the  coefficient  C  is  not  supposed  to  be  so  great  as  it  is  in 
the  former.  In  fact,  Barnes  claims  that  the  value  of  the  coefficient 
C  in  his  formula  does  not  vary  at  all  with  either  size  or  slope  of  chan- 
nel, and  that  it  is  solely  dependent  on  the  tjrpe  or  class  of  the  wetted 
perimeter,  the  value  for  a  given  class  of  channel  being  absolutely  con- 
stant. 

The  Barnes  Formula 

A  formula  such  as  Barnes'  would  undoubtedly  possess  advantages 
over  the  other  velocity  equations  provided  it  possessed  equal  accuracy. 
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Although  the  comparisons  published  by  Barnes  at  the  time  he  pro- 
posed his  formula  indicate  unusual  merits  for  his  equation,  it  has  been 
shown  in  the  preceding  chapter  that  these  comparisons  are  not  repre- 
sentative. In  order  to  obtain  satisfactory  tests  his  equation  for  earth 
channels  and  canals  in  average  working  condition  and  for  rivers  free 
from  vegetation  was  applied  to  such  of  the  data  contained  in  table  9 
as  would  fall  into  this  class,  the  following  experiments  being  used. 


Number 


Stream  and  Location 


1 Miami  River  at  Tadmor 

12 Miami  River  at  Dayton 

14 Miami  River  at  Dayton 

15-17 Miami  River  at  Dayton 

18-19 Miami  River  above  Troy  Pike 

21-25 Cut-off  channel  at  Dayton 

26-27 Miami  River  at  Hamilton 

37 Miami  and  Erie  Canal  after  cleaning 

40-45 Arkansas  drainage  canals 

46 ' . .  .Ohio  River  at  Cincinnati 

Typical  experiments   on  the   Mississippi   River  above 

Carrollton 
47-84 Averages  of  experiments  on  the  Mississippi  River  above 

Carrollton 


Experiment    Number 


FIG.    57.— DIAGRAM    ILLUSTRATING    ACCURACY    OF   TEEE   BARNES 

FORMULA. 

This  diagram  was  based  on  the  roughness  factor  experiments  indicated  on  the 
scale  of  abscissas,  the  numbers  having  the  same  significance  as  in  table  9. 
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The  velocity  for  each  experiment  was  calculated  by  the  Bames 
formula  and  compared  with  the  actual  observed  velocity.  In  the  case 
of  the  typical  Mississippi  River  experiments,  and  also  in  the  case  of 
the  averages  represented  by  numbers  47  to  84  inclusive,  in  table  9, 
velocities  were  computed  on  the  basis  of  the  main  channel  alone  as 
well  as  on  the  basis  of  the  total  cross  section.  The  results  of  the  com- 
parisons are  shown  in  figures  57,  58,  and  59.  £2ach  point  represents 
the  ratio,  in  per  cent,  of  a  calculated  velocity  to  the  corresponding 
actual  velocity. 


Dafe  of  Experiment 

FIG.    68.— DIAGRAM    ILLUSTRATING   ACCURACY    OF    THE    BARNES 

FORMULA,  CONTINUED. 

This  diagram  was  based  on  typical  roughness  factor  experiments  made  on  the 
Mississippi  River  above  Carrollton,  Louisiana. 


A  study  of  the  results  fails  to  disclose  any  general  advantages  of 
the  Bames  formula.  The  accuracy  indicated  by  the  tables  in  Barnes' 
book  is  not  present.  Out  of  the  23  results,  shown  in  figure  57,  only 
10,  or  less  than  one  half  of  the  total  niunber,  are  within  10  per  cent 
of  the  correct  values;  6  are  between  10  and  30  per  cent  in  error;  and 
7  differ  from  the  true  values  by  30  per  cent  or  more,  one  result  being 
over  50  per  cent  in  error.  The  calculated  velocities  are  greater  than 
the  observed  vailues  in  most  instances.    In  the  case  of  the  Mississippi 
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River  experiments  computed  on  the  basis  of  the  total  cross  section, 
the  results  are  unusually  close  to  the  actual  values,  as  may  be  seen 
by  referring  to  figures  58  and  59.  However,  the  results  calculated  for 
the  main  channel  alone  are  from  10  to  21  per  cent  too  large.  Since 
the  latter  method  of  calculation  is  the  logical  one  to  use  for  such  chan- 
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FIG.    59.— DIAGRAM    ILLUSTRATING   ACX^URACY   OF   THE   BARNES 

FORMULA,  CONTINUED. 

This  diagram  was  based  on  roughness  factor  experiments  made  on  the  Mississippi 
River  above  Carrollton,  Louisiana.  Each  point  is  based  on  data  obtained  by 
averaging  five  independent  roughness  factor  experiments  made  on  consecutive  days. 
The  experiment  numbers  are  the  same  as  in  table  9. 


nels  the  accurate  results  obtained  by  the  former  are  not  of  much  im- 
portance. Considering  the  results  of  all  of  the  comparisons  it  must 
be  concluded  that  Barnes'  formula  for  earth  channels  and  canals  in 
average  working  condition  and  for  rivers  free  from  vegetation  does  not 
possess  sufficient  merit  to  warrant  its  use. 
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Variatioiis  in  C  and  C 

The  argument  generally  advanced  in  favor  of  exponential  formulas 
is  that  for  a  given  class  of  roughness  the  values  of  C  are  more  nearly 
constant  than  are  the  values  of  C.  Considering  the  form  of  the  equa- 
tions this  condition  would  be  expected.  It  is  quite  commonly  ac- 
knowledged that  the  Chezy  coefficient  increases  with  the  hydraulic 
radius.  This  effect  is  accounted  for  in  the  exponential  equations  by 
making  the  exponent  of  R  greater  than  0.50,  thus  removing  the  neces- 
sity for  a  corresponding  change  in  C.  Exponents  of  S  in  the  expo- 
nential formulas,  as  a  rule,  do  not  differ  greatly  from  0.50.  They  are 
generally  slightly  larger  as  in  the  case  of  the  Williams  or  Williams  and 
Hazen  formulas,  thus  indicating  an  increase  in  the  Chezy  coefficient 
with  an  increase  in  slope.  In  order  to  obtain  quantitative  data  re- 
garding the  variations  in  C  and  C  studies  were  made  on  the  basis  of 
the  following  experiments: 

Numbers  2-4-6-8-10  on  the  Miami  River  at  Tadmor. 
Numbers  28-34,  inclusive,  on  the  Bogue  Phalia  Biver. 
Numbers  40-45,  inclusive,  on  the  Arkansas  Canals. 
Numbers  66-84,  inclusive,  on  the  Mississippi  River. 
Gordon's  measurements  on  the  Irrawaddy. 
Measurements  on  the  Volga  River  at  Sczmara. 
Measurements  on  the  Volga  River  at  Shiguly. 

In  each  of  the  first  four  series  the  roughness  conditions  were  prac- 
tically constant  throughout  the  entire  range  covered  by  the  experi- 
ments. At  the  last  three  locations,  however,  the  actual  roughness 
may  have  changed  slightly  as  the  stage  changed.  Satisfactory  infor- 
mation was  not  available  regarding  the  conditions  at  these  three 
places.  The  data  for  the  Irrawaddy  measurements  was  taken  from 
Bering  and  Trautwine's  translation  of  the  Kutter  book.  The  descrip- 
tion included  therein  says  that  for  very  high  or  very  low  stages  the 
slopes  may  need  correction.  It  also  says  that  double  floats  were  used 
in  measuring  the  velocities  but  that  the  original  values  have  been 
reduced  by  10  per  cent  to  allow  for  the  errors  introduced  by  such 
methods. 

The  data  for  the  Volga  measurements  was  taken  from  Siedek's 
publications.  No  information  regarding  the  accuracy  of  these  gagings 
was  available  except  that  given  by  Siedck.  He  seemed  to  think  that 
the  slopes  observed  at  Shiguly  are  somewhat  too  low  on  account  of 
being  measured  along  the  edges  of  the  stream. 

Variations  in  hydraulic  radius  were  but  slight  in  the  experiments 
made  on  the  Bogue  Phalia,  in  those  made  on  the  Arkansas  drainage 
canals,  and  in  the  Mississippi  River  gagings.    For  the  series  obtained 
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on  the  Volga  and  Irrawaddy  Rivers,  however,  R  varied  through  a 
considerable  range.  In  the  case  of  the  Irrawaddy  the  values  varied 
from  16.3  feet  to  46.3  feet.  At  Shlguly  and  Sczmara  the  values  ran 
from  21.6  to  44.5  and  from  15.1  to  36.4  feet  respectively. 

Values  of  C  in  the  Chezy  formula,  and  of  C  in  the  Williams  for- 
mula, were  calculated  for  each  experiment  of  each  series  from  the  data 
measured  in  the  field.  The  average  values  of  these  coefficients  were 
then  determined  for  each  series,  and  the  differences  between  the  indi- 
vidual results  and  the  averages  for  the  series  in  which  they  occur,  were 
computed.  The  mean  differences  of  the  individual  results  from  the 
•averages,  expressed  in  percentages  of  the  latter,  were  found  to  be  as 
follows: 

Series     •  Cbeiy's  WlllUuna* 

c  a 

Miami  River  at  Tadmor 4.08  5.18 

Bogue  Phalia  River 24.2  24.2 

Arkansas  Drainage  Canals 3.18  3.30 

Mississippi  River,  1912 1.30  1.26 

Mississippi  River,  1913 2.80  3.36 

Irrawaddy  River 4.10  9.21 

Volga  River  at  Sczmara 1.87  5.04 

Volga  River  at  Shiguly 18.8  16.5 

Averages 7.54  8.51 

It  will  be  noticed  that  the  variations  in  C  are  in  most  cases  greater 
than  those  in  C.  The  average  variation  in  C  for  all  locations  is  8.49 
per  cent  while  in  C  it  is  only  7.54  per  cent.  Evidently  whatever  con- 
stancy in  C  gained  by  the  higher  exponent  of  R  in  the  WilUams 
formula  is  more  than  offset  by  some  other  factor  or  factors  in  favor  of 
the  Chezy  equation.  The  coefficient  C  may  be  more  constant  in 
small  channels  of  uniform  cross  section  having  smooth  wetted  per- 
imeters but  it  certainly  does  not  seem  to  be  in  natural  river  channels. 

There  seems  to  be  no  reason  for  adopting  any  formula  of  the  ex- 
ponential type  so  far  advanced.  Although  a  formula  such  as  the  one 
proposed  by  Williams  would  probably  give  satisfactory  results  in  most 
cases,  it  is  doubtful  if  it  would  give  more  satisfactory  results  than  those 
given  by  the  Ba2dn  or  Kutter  equations  which  are  now  in  quite  general 
use.  The  use  of  an  exponential  formula  would  not  lead  to  any  appre- 
ciable saving  in  the  amount  of  engineering  judgment  required. 

It  might  be  interesting  to  add  that  Bazin  reached  this  conclusion 
in  1871,  in  his  paper  in  Annales  des  Fonts  et  Chauss^es,  referred  to 
on  page  147,  after  a  graphical  study  of  various  formulas,  similar  to 
that  given  in  figure  42,  facing  page  152. 
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MISCELLANEOUS  FORMULAS 

Under  this  heading  may  be  taken  up  such  formulas  as  those  pro- 
posed by  Biel  and  Manning.  The  formulas  of  Schmeer  and  Elliott 
which  would  also  fall  under  this  heading  need  not  be  discussed.  The 
former  never  won  any  appreciable  favor  among  practicing  engineers 
while  the  latter  was  not  intended  or  recommended  for  general  use. 

The  Biel  Formula 

The  Biel  formula  has  the  distinction  of  containing  a  temperature 
correction.  While  the  temperature  undoubtedly  has  some  influence • 
on  the  flow  of  water  it  is  doubtful  if  the  effect  is  of  sufficient  magni- 
tude to  warrant  its  inclusion  in  a  velocity  formula.  In  fact  the  effect 
assumed  by  Biel  is  negligible  in  the  case  of  open  channels.  His  tem- 
perature correction  is  the  last  term  in  the  denominator  of  his  general 
formula,  namely, 

14.85JS: 

(ioo/  +  2)yVB 

It  is  plain  that  this  term  will  produce  the  maximum  proportional 
effect  on  the  final  result  when  it  is  the  maximum  proportion  of  the 
entire  denominator,  that  is,  when  the  following  quantity  is  a  maxi- 
mum. 

U.S5K 
(100/  +  2)yVfl 


.12  +  1:?-^^^^         14.8515: 


Vft        (100/+2)7Vfl 

This  fraction  reduces  to  the  form 

14.85g 

.12(100/  +  2)7  Vft  +  1.811/(100/  +  2)7  +  14.85X 

the  value  of  which  will  plainly  be  a  maximum  when  the  first  two  terms 
of  the  denominator  become  zero;  that  is,  when  /  and  either  iJ  or  7 
are  zero.  Under  such  conditions  the  value  of  the  fraction  will  be 
unity.  An  inspection  of  the  fraction  shows  that  its  value  will  increase 
most  rapidly  when  /,  R  and  7  all  decrease  together  simultaneously 
with  an  increasing  K;  also  that  its  value  will  increase  much  more 
rapidly  with  a  decrease  in  /  or  7  than  it  will  with  a  decrease  in  R  of 
similar  magnitude.  The  latter  condition  is  due  to  the  facts  that  R 
curs  in  the  first  term  of  the  denominator  only  while  /  and  7  occur 
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in  both  first  and  second  ternis>  and  that  R  enters  with  an  exponent 
of  }4  s^d  is  multiplied  by  the  constant  0.12  while  /  and  V  enter  with 
exponents  of  unity  and,  in  the  second  term,  are  multiplied  by  the 
constant  1.811. 

If  /  is  taken  equal  to  0.29,  R  equal  to  1  foot,  K  equal  to  0.0179, 
which  corresponds  to  a  temperature  of  32^  F.,  and  V  equal  to  0.25 
feet  per  second,  the  value  of  the  above  fraction  is  0.0504.  This  means 
that  if  the  temperature  term  is  ignored  the  calculated  value  of  V  will 
be  about  2^  per  cent  too  large.  If  K  is  taken  equal  to  0.0100,  corre- 
sponding to  a  temperature  of  68^  F.,  the  value  of  the  fraction  will  be 
0.0288,  which  means  that  the  velocity  calculated  by  ignoring  the  tem- 
perature term  will  be  about  1%  per  cent  too  large.  These  two  com- 
putations show  that  for  this  particular  channel  a  change  in  calculated 
velocity  of  about  ^  of  one  per  cent  would  be  caused  by  a  change  in 
temperature  of  36**  F. 

The  effect  of  the  temperature  term  was  computed  for  each  of  the 
experiments  recorded  in  table  9  and  in  no  case  was  it  found  to  amount 
to  as  much  as  1  per  cent  of  the  final  result.  In  experiment  1  where 
its  value  was  greatest  it  amounted  to  about  0.58  of  one  per  cent  of  the 
value  calculated  by  the  general  formula.  In  the  remaining  83  experi- 
ments its  value  was  less  than  ^  of  one  per  cent.  It  is  consequently 
evident  that  for  practical  hydraulic  calculations  in  the  design  of  river 
channels,  ditches,  and  canals,  the  use  of  a  temperature  correction  such 
as  Biel's  is  not  justified. 

If  the  temperature  term  is  removed  Biel's  formula  becomes 


I     mi      ^ 
I0.12  +  '-'"^ 


4 


in  which  the  first  radical  corresponds  to  the  Chezy  coefficient,  or 


C  = 


3281 


^,„  .  1.811/ 

V'' + -IT 


This  expression  is  of  the  general  form 


V 


z 

1  + 


Vb 


which  is  very  similar  to  the  forms  investigated  by  both  Kutter  and 
16 
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Bazin,  as  may  be  seen  by  referring  to  chapter  V.  In  fact  it  is  really 
the  square  root  of  the  form  which  was  adopted  by  both  of  these  in- 
vestigators, namely 
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Chezy  Coefficient  C 

FIG.  60.— C50MPARIS0N  OF  THE  BIEL  AND  BAZIN  FORMULAS. 

For  roughness  factors  of  /  equal  0.75  and  m  equal  1.52  respectively.  The 
temperature  term  in  the  Biel  formula  was  assumed  to  be  negligible. 

BiePs  formula  would  be  expected  to  agree  with  Bazin 's  better  than 
with  Kutter'Sy  since  neither  the  Biel  nor  the  Bazin  formula  contains 
a  slope  term.  Figure  60  shows  the  values  of  C  corresponding  to  the 
Biel  and  Bazin  equations  for  roughness  factors  of  /  equals  0.75  and  m 
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equals  1.52  respectively.  The  curves  are  seen  to  cross  each  other  at 
a  hydraulic  radius  of  about  2.7  feet.  For  radii  less  than  2.7  feet  the 
Biel  equation  gives  the  larger  values  of  C. 

Perhaps  the  best  way  to  compare  the  two  formulas  is  to  compare 
the  variations  in  the  roughness  factors  /  and  m,  determined  experi- 
mentally, at  locations  where  the  roughness  is  constant.  Such  com- 
parisons were  made  on  the  basis  of  the  same  data  that  was  used  in 
studying  the  Williams  formula.  The  average  variations  of  the  two 
quantities  in  the  various  series  of  experiments  are  as  follows: 

Bxperlin«nt8  m  / 

Miami  Biver  at  Tadmor 10.9  12.1 

Bogue  Phalia  Biver 35.7  49.3 

Arkansas  drainage  canak 4.78  6.77 

Mississippi  Biver,  1912 5.44  5.60 

Mississippi  River,  1913 12.8  12.8 

Irrawaddy  River 23.0  22.4 

Volga  Biver  at  Sczmara 13.0  13.6 

Volga  Biver  at  Shiguly 36.5  41.3 

Averages 17.77  20.48 

The  variations  in  Biel's  /  are  seen  to  exceed  the  variations  in  Ba- 
sdn's  m  at  the  greater  number  of  the  locations.  In  only  one  instance, 
that  of  the  Irrawaddy  River^  are  the  variations  in  /  less  than  those 
in  m.  The  average  variation  of  m  for  all  of  the  locations  is  17.77  per 
cent  while  the  average  variation  in  /  is  20.48  per  cent.  These  results 
show  that  if  either  formula  were  to  be  recommended  for  general  use 
it  would  be  that  of  Bazin,  not  that  of  Biel. 

The  Manning  Formula 

Manning's  formula  appears  to  be  very  satisfactory  for  ordinary 
cases.  The  comparisons  which  he  published  in  his  second  paper  and 
which  seem  to  have  been  made  in  a  perfectly  fair,  conscientious  man- 
ner, indicate  that  for  channels  of  not  unusual  size  or  conditions  his 
formula  is  practically  as  good  as  Kutter's.  ^Although  a  close  inspec- 
tion of  his  results  shows  that  for  such  conditions  Kutter's  formula 
will  on  the  average  give  slightly  better  results,  this  advantage  is  fully 
offset  by  the  greater  simplicity  of  the  Manning  equation.  However, 
for  unusual  conditions,  such  as  the  Mississippi  River,  Kutter's  for- 
mula possesses  a  decided  advantage.  The  average  error  of  the  re- 
sults calculated  by  the  Manning  formula  for  the  gagings  of  Hum- 
phreys and  Abbot  was  19.8  per  cent  while  the  average  of  those  calcu- 
lated by  Kutter's  formula  for  the  same  gagings  was  only  4  per  cent. 
For  general  applicability  the  Kutter  equation  undoubtedly  possesses 
an  advantage. 
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Parkeri  in  his  Control  of  Water,  page  472,  gives  Manning's  for- 
mula in  the  form 


1.49 
n 


(70) 


in  which  n  is  the  same  as  Eutter's  n  and  the  other  quantities  possess 
the  usual  significance.  A  search  of  Manning's  papers  failed  to  reveal 
an  equation  in  exactly  this  form,  although  on  page  205  of  Volume  XX 
of  the  Transactions  appears  the  statement  **  the  value  of  the  reciprocal 
of  Cs  corresponds  closely  with  that  of  n/'  d  being  the  coefficient  in 
the  equation 

V  =  Ctl^^S'^, 
as  stated  in  chapter  IX. 


/20       14-0      /^       J60      299       219      249      269 

ChQzy  Coefficient  C 

FIG.   61.— C50MPARIS0N   OF   THE   MANNING   EQUATION,   PARKER'S 

FORM,  WITH  THE  KUTTER  FORMULA. 

Value  of  n  equals  0.010;  slopes  of  0.010,  0.00010,  and  0.000025  in  the  Kutter 
formula. 
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In  equation  70  the  quantity  (lA9/n)R^^  corresponds  to  the  Chezy 
coefficient.  Figures  61  and  62  compare  the  values  of  this  quantity, 
for  various  values  of  R,  with  the  values  of  C  calculated  by  the  Kutter 
equation.  Figure  61  shows  the  values  computed  for  a  roughness  fac- 
tor of  0.010  and  figure  62  shows  those  calculated  for  a  roughness  of 


4^       so       60       70       so       90 

Chezy  Coeffiikfent  C 

FIG.   62.— CJOMPARISON   OF  THE   MANNING   EQUATION,   PARKER'S 
FORM,  WITH  THE  KUTTER  FORMULA,  CONTINUED. 

Value  of  n  equals  0.030;  slopes  of  0.010, 0.00010,  and  0.000025  in  the  Kutter 
formula. 


0.030.    Values  of  C  by  the  Eutter  equation  are  shown  for  slopes  of 
0.000025,  0.00010,  and  0.010  in  both  figures. 

It  will  be  noticed  that  for  n  equals  0.010  and  for  radii  of  from  1 
to  4  feet,  the  curve  representing  the  Manning  formula  follows  closely 
the  curve  corresponding  to  the  Eutter  equation  with  a  slope  of  0.00010 ; 
and  that  for  radii  greater  than  4  feet  it  corresponds  more  nearly  with 
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the  curve  for  Eutter's  formula  with  a  slope  of  0.000025.  For  n  equal 
to  0.030  the  Manning  curve  agrees  best  with  the  curve  for  Eutter's 
equation  with  a  slope  of  0.010. 

Since  the  comparison  of  the  Eutter  and  Baasin  formulas  contained 
in  the  following  pages  indicates  that  the  slope  affects  the  Chezy  coef- 
ficient, especially  in  large  channels  with  flat  slopes,  it  is  obvious  that 
equation  70  would  not  be  satisfactory  for  such  streams.  While  either 
equation  70  or  the  original  Manning  formula  would  prove  adequate 
for  small  channels,  neither  could  be  recommended  for  general  use. 

THE  BAZIN  AND  KUTTER  FORMULAS 

It  remains  only  to  discuss  the  Bazin  and  Eutter  formulas;  the 
two  formulas  that  have  for  some  time  been  generally  considered  as 
the  most  valuable.  The  only  essential  difference  between  these  two 
equations  is  that  Eutter's  includes  a  slope  correction  while  Basin's 
does  not.  Both  investigators  started  with  the  same  fundamental 
form,  namely 

c ?' 


1+' 


Each  investigator  made  free  use  of  the  other's  researches.  Neither 
one  claimed  that  his  equation  was  entirely  original  or  independently 
developed. 

Relations  between  m,  n,  and  S 

If  the  Bazin  equation  be  put  into  the  form 

c  =  -^''-^ 


1+    "* 


0.552  Vfi 


by  dividing  both  numerator  and  denominator  by  0.552,  its  similarity 
to  the  Kutter  equation 


C  = 


1.811  .    „  „   .  0.00281 
_  +  4l.6  +  -^ 

,    ./.,«.  0.00281  \   n 


becomes  more  apparent.    It  is  plain  that  the  curves  representing  the 
two  equations,  for  given  values  of  m,  n,  and  S,  will  be  identical  when 
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the  numerators  and  denominators  are  equal  respectively;  that  is,  when 

1511+41.6+?^.  157.8  (71) 

n  S 

and 

.00281  \        tn 

-S-)'M2  ^'> 


n  (  41.6  +  — 


Equation  71  reduces  to  the  form 

.     000281_  (73) 

116 -i:^ 

n 

If  n  equals  0.0156  the  denominator  in  equation  73  becomes  zero 
and  consequently  the  slope  becomes  infinite.  For  values  of  n  less 
than  0.0156  the  values  of  S  are  negative.  Consequently  it  is  only 
when  n  is  greater  than  0.0156  that  the  two  formulas  can  give  the  same 
coefficients  for  all  values  of  R. 

The  fact  that  for  a  given  m  there  is  only  one  set  of  values  of  n 
and  S  for  which  the  two  curves  are  identical  may  be  shown  by  the  fol- 
lowing reasoning.  Assume  a  value  of  m  and  compute  the  correspond- 
ing values  of  n  and  S  from  equations  72  and  73.  Now  if  n  be  increased 
slightly  the  entire  set  of  values  of  C,  corresponding  to  the  different 
values  of  R,  will  be  decreased  slightly,  since  C  decreases  with  an  in- 
crease in  n  for  all  values  of  R.  This  shift  of  the  curve  due  to  the  slight 
increase  in  n  cannot  be  counteracted  by  a  change  in  S  because  such 
a  change  will  not  increase  all  values  of  C.  If  the  slope  is  decreased, 
the  values  of  C  for  radii  less  than  one  meter  will  be  decreased,  while 
those  for  radii  greater  than  one  meter  will  be  increased.  If  the  slope 
is  increased  values  of  C  for  radii  less  than  one  meter  will  be  increased, 
while  those  for  radii  greater  than  one  meter  will  be  decreased.  That 
is,  a  change  in  S  simply  tilts  the  curve  of  C  about  the  point  one  meter. 
Following  are  the  values  of  n  and  S  corresponding  to  various  values 
of  m: 

m  n  8 

0.36  0.0156  00 

0.46  0.0168  0.0003430 

0.65  0.0190  0.0001365 

0.85  0.0213  0.0000907 

1.07  0.0238  0.0000706 

1.30  0.0264  0.0000593 

1.52  0.0290  0.0000525 

1.75  0.0316  0.0000479 

2.00  0.0345  0.0000443 

2.40  0.0391  0.0000403 

3.00  0.0460  0.0000367 
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Previous  Comparisons  of  the  Two  Formulas 

Although  a  great  number  of  engineers  have  discussed  the  relative 
merits  of  the  Kutter  and  Bazin  formulas  no  one  seems  ever  to  have 
made  a  careful  detailed  comparison  of  the  two  equations.  The  near- 
est approach  to  a  satisfactory  comparison  that  has  ever  been  made 
is  that  which  was  published  by  Bazin  at  the  time  he  proposed  his  new 
formula,  see  chapter  VI.  A  cursory  examination  of  this  might  lead 
to  the  conclusion  that  Bazin 's  formula  is  the  better  of  the  two.  How- 
ever, a  careful  study  of  Bazin's  work  shows  that  he  was  somewhat 
partial  to  his  own  equation,  as  might  naturally  be  expected.  In  cer- 
tain cases  his  classification  of  experiments  seems  questionable.  In 
others,  as,  for  instance,  the  Irrawaddy  experiments,  he  has  hidden 
the  agreement  of  the  Kutter  formula  by  plotting  average  values  only. 
While  he  did  not  fail  to  point  out  the  advantages  of  his  own  equation, 
he  neglected  to  call  attention  to  those  of  the  Kutter  formula. 

A  careful  study  of  the  experiments  included  in  Class  I,  see  table 
27,  seems  to  show  that  the  wetted  perimeters  were  not  all  of  the  same 
roughness.  The  descriptions  of  the  channels,  although  brief,  justify 
the  following  conclusions: 

1.  The  roughness  was  practically  the  same  for  Series  2,  Series  24, 
and  the  experiments  on  cement  pipes. 

2.  The  conduits  in  which  the  above  three  groups  of  measurements 
were  made  were  the  smoothest  of  any  in.  Class  I. 

3.  The  roughness  was  about  the  same  for  the  Rocquefavour  sec- 
tion of  the  Marseilles  Canal,  the  aqueduct  of  Serino  at  Naples,  and 
the  Boston  Aqueduct. 

4.  The  Cavour  Canal  was  the  roughest  channel  included  in  Class  I. 
The  Kutter  formula  agrees  with  these  conclusions  in  all  respects 

except  that  it  indicates  a  slightly  smoother  wetted  perimeter  for  the 
Serino  Aqueduct,  see  figure  42.  It  may  be  that  this  channel  offered 
slightly  less  resistance  to  flow  than  either  the  Marseilles  Canal  or  the 
Boston  Aqueduct  on  account  of  its  elliptical  form  of  cross  section,  the 
other  two  sections  being  rectangular.  Bazin's  formula  agrees  with 
the  measurements  in  Class  I  only  on  the  assmnption  that  the  rough- 
ness was  the  same  for  all.  Bazin's  formula  agrees  with  Series  2  better 
than  Kutter's,  while  the  latter  equation  seems  to  possess  the  advant- 
age in  the  case  of  Series  24. 

Although  the  descriptions  of  the  measurements  included  in  Class 
II,  see  table  28,  indicate  varying  degrees  of  roughness  for  the  different 
channels,  no  pronounced  advantage  of  either  formula  could  be  found. 
Considering  the  group  as  a  whole  Bazin's  formula  seems  to  be  better 
than  Kutter's.    For  Classes  III  and  IV  the  two  formulas  seem  to 
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possess  equal  value.  The  apparent  superiority  of  the  Bazin  equation 
for  Classes  V  and  VI  is  due  to  the  fact  that  the  proper  values  of  n 
were  not  selected.  For  Class  V,  n  should  have  been  taken  as  about 
0.027,  and  for  Class  VI,  it  should  have  been  taken  as  about  0.032. 
Bazin's  comparison,  as  a  whole,  does  not  indicate  a  superiority  of 
either  formula. 
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FIG.  63.~STUDY  OF  THE  EFFECT  OF  iS  ON  C  BASED  ON  BAZIN'S 

MEASUREMENTS,  SERIES  12,  13,  AND  14. 

These  measurements  were  made  in  a  rectangular  timber  flume,  with  wooden 
lathy  1  X  {  inch,  nailed  crosswise  on  bottom  and  sides,  f  inch  apart.  The  average 
value  of  n  was  about  0.015. 

I 

Effect  of  5  on  C 

The  most  important  point  to  be  discussed  in  considering  the  Bazin 
and  Eutter  formulas  is  the  effect  of  the  slope  on  the  coefficient  C 
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The  Kutter  formula  has  been  criticised  more  frequently  on  account 
of  its  containing  a  slope  correction  than  for  any  other  reason.  Some 
hydraulicians  claim  that  the  coefficient  C  is  entirely  independent  of 
the  slope,  while  others  say  that  C  increases  with  jS  through  all  ranges 
of  R  instead  of  for  values  below  one  meter  only,  as  is  indicated  by 
the  Kutter  equation. 
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FIG.  64.— STUDY  OF  THE  EFFECT  OF  5  ON  C  BASED  ON  BAZIN'S 

MEASUREMENTS,  SERIES  15,  16,  AND  17. 

• 

These  measurementa  were  made  in  a  rectangular  timber  flume,  with  wooden 
lath,  1  X  }  inch,  nailed  crosswise  on  the  bottom  and  sides,  2  inches  apart.  The 
average  value  of  n  was  about  0.021. 

The  fact  that  C  increases  with  &  in  the  case  of  pipes  under  pressure 
seems  to  be  pretty  well  established.    In  most  exponential  formulas 
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for  velocity  in  pipes,  of  which  the  Williams-Hazen  fonnula  is  an  exam- 
ple, the  exponent  of  8  is  more  than  0.5,  which  means  that  C  increases 
with  S.  For  open  channels,  however,  the  relation  between  these  two 
quantities  has  never  been  conclusively  demonstrated.  The  data  used 
as  a  basis  for  determining  the  Kutter  slope  term  could  hardly  be  con- 
sidered satisfactory  for  either  small  or  large  channels. 
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FIG.  65.— STUDY  OF  THE  EFFECT  OF  /Sf  ON  C  BASED  ON  BAZIN'S 

MEASUREMENTS,  SERIES  6  TO  11. 

These  measurements  were  made  in  a  rectangular  flume  made  of  unplaned 
boards.    The  average  value  of  n  was  about  0.012. 

For  small  channels,  that  is  for  channels  having  radii  less  than  one 
meter,  there  seems  to  be  little  data  at  hand  by  which  to  study  the 
slope  effect.  The  measurements  of  Bazin  offer  about  the  only  oppor- 
tunities. Figures  63  to  67,  inclusive,  show  the  effect  of  /S  on  C  for 
such  of  his  data  as  might  properly  be  used  for  this  purpose.     No  dia- 
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grams  were  plotted  for  experiments  made  in  different  channels,  even 
though  the  dimensions  and  descriptions  of  the  sections  indicated  com- 
parable data.  There  is  always  a  question  in  such  instances,  as  to 
whether  or  not  the  actual  roughness  conditions  were  the  same  in  both 
channels.  For  this  reason  comparisons  were  not  made  on  the  basis 
of  Series  3  and  39  or  on  the  basis  of  Series  21  and  22,  both  of  which 
were  mentioned  by  Eutter  as  showing  the  slope  effect.    Comparisons 
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FIG.  66.— STUDY  OF  THE  EFFECT  OF  iS  ON  C  BASED  ON  BAZIN'S 

MEASUREMENTS,  SERIES  32  AND  33. 

These  measurements  were  made  in  the  ashlar  tail  race  of  the  Giosbois  Reservoir. 
The  average  value  of  n  was  about  0.017. 


were  not  made  on  the  basis  of  Series  28  and  29  or  Series  30  and  31, 
which  have  been  mentioned  by  Bazin  as  showing  a  slope  effect,  be- 
cause the  conditions  were  such  as  to  throw  doubt  on  the  accuracy  of 
the  measurements.  These  observations  were  taken  in  a  channel 
about  4  inches  wide,  carr3dng  depths  of  water  of  from  about  0.25  to 
4  inches. 

It  will  be  noticed  that  out  of  the  5  comparisons  given  in  figures 
63  to  67,  only  1,  that  based  on  Series  6  to  11  inclusive,  figure  65, 
indicates  a  definite  increase  in  C  with  an  increase  in  &.    The  other  4 
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indicate  that  C  is  not  appreciably  affected  by  a  change  in  S.  Appar- 
ently Bazin's  conclusion  that  the  effect  of  the  slope  was  not  of  suffi- 
cient importance  to  justify  its  inclusion  in  a  velocity  formula  was  jus- 
tified for  small  channels,  at  least,  considering  the  data  which  he  had 
available. 
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FIG.  67.— STUDY  OF  THE  EFFECT  OF  iSf  ON  C  BASED  ON  BAZIN'S 

MEASUREMENTS,  SERIES  44  AND  46. 

These  measurements  were  made  in  the  Groebois  Canal,  which  was  oonstnicted 
of  Qiasomy  and  which  was  in  rather  bad  order.  The  average  value  of  n  was  about 
0.020. 


The  consideration  of  Series  28  to  31,  which  have  been  rejected  as 
explained  above,  would  not  affect  our  conclusions,  inasmuch  as  Series 
28  and  29  show  an  increase  in  C  with  an  increase  in  jS,  while  Series 
30  and  31  show  the  reverse,  the  effect  in  the  latter  case  being  more 
pronounced  than  in  the  former.  It  might  be  interesting  to  note  that 
the  roughness  was  much  greater  in  Series  30  and  31  than  in  Series  28 
and  29,  the  value  of  Eutter's  n  being  about  0.014  for  the  former  and 
about  0.010  for  the  latter.    This  would  indicate  the  presence  of  an 
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effect  of  iS  on  C  which  is  dependent  somewhat  on  the  roughness,  a 
condition  which  was  pointed  out  by  Bazin  in  his  paper  in  Annales 
des  Fonts  et  Chaussfes,  in  1871,  referred  to  on  page  147.  However, 
considering  the  fact  that  the  results  shown  in  figures  63  to  67  show  no 
such  effect,  it  seems  safe  to  assume  that  the  conditions  shown  by  Ser- 
ies 28  to  31,  are  due  to  uncertainties  in  measurements  or  to  some  un- 
explained reason  rather  than  to  any  actual  law. 
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FIG.  68.— STUDY  OF  THE  EFFECT  OF  5  ON  C  BASED  ON  GORDON'S 
MEASUREMENTS  ON  THE  IRRAWADDY  RIVER. 

The  line  shows  the  variation  of  C  with  S  given  by  the  Kutter  formula  for  the 
values  of  n  and  R  noted  thereon.  These  values  of  n  and  R  correspond  very  closely 
with  the  averages  for  the  entire  series  of  experiments. 


At  the  time  Kutter  proposed  his  formula  experimental  data  for 
large  rivers  was  much  more  limited  than  that  for  small  channels. 
Practically  the  only  gagings  available  to  Kutter  for  such  conditions 
were  those  made  by  Humphreys  and  Abbot  on  the  Mississippi  River. 
Since  that  time,  however,  considerable  data  has  been  collected.  Gor- 
don's measurements  on  the  Irrawaddy,  the  Morgan  Engineering  Com- 
pany's measurements  on  the  Bogue  Phalia,  the  Mississippi  River  Com- 
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mission's  observations  at  Carrolltoni  and  the  data  for  the  Volga  at 
Shiguly  and  Sczmara,  quoted  by  Siedek,  all  offer  opportunities  to 
study  the  effect  of  S  on  C. 
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FIG.  69.— STUDY  OF  THE  EFFECT  OF  iSf  ON  C  BASED  ON  THE  MORGAN 
ENGINEERING  COMPANY'S  MEASUREMENTS  ON  THE 

BOGUE  PHALIA  RIVER. 

The  line  shows  the  variation  of  C  with  8  given  by  the  Kutter  formula  for  the 
values  of  n  and  R  noted  thereon.  These  values  of  n  and  R  correspond  very  closely 
with  the  averages  for  the  entire  series  of  experiments. 

The  results  of  the  measurements  at  the  above  locations  are  shown 
in  figures  68  to  72  inclusive,  values  of  C  being  plotted  as  ordinates 
and  values  of  /S  as  abscissas.  Values  of  C  were  corrected  on  account 
of  the  changing  radii  in  all  cases  except  the  Bogue  Phalia.  Correc- 
tions were  not  made  in  this  instance  because  the  total  range  in  R  was 
only  from  19.0  to  20.7  feet,  a  variation  exceptionally  small  when  com- 
pared with  the  range  in  C  This  adjustment  could  not  be  made  in 
any  exact  manner.  For  lack  of  better  information  the  corrections  were 
made  according  to  the  Kutter  formula,  in  each  case  taking  the  values 
of  n  and  S  corresponding  to  the  averages  for  the  particular  series. 
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The  points  shown  in  figures  70  and  72  represent  averages  for  groups 
of  five  separate  measurements.  The  straight  lines  show  the  variation 
in  C  with  S  as  given  by  the  Kutter  formula  for  the  values  of  n  and  R 
indicated,  these  values  in  each  instance  corresponding  approximately 
to  the  averages  for  the  particular  group. 
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FIG.  70.— STUDY  OF  THE  EFFECT  OF  iS  ON  C  BASED  ON  THE  MISSIS- 
SIPPI RIVER  MEASUREMENTS  ABOVE  CARROLLTON, 

LOUISIANA. 

The  line  shows  the  variation  of  C  with  S  given  by  the  Kutter  formula  for  the 
values  of  n  and  R  noted  thereon.  These  values  of  n  and  R  correspond  very  closely 
with  the  averages  for  the  entire  series  of  experiments.  Each  point  is  based  on  data 
obtained  by  averaging  five  independent  gagings  made  on  consecutive  days. 

Each  figure  shows  a  decrease  in  C  with  an  increase  in  S;  and,  in 
most  cases,  the  changes  shown  by  the  measurements  are  as  great  as, 
or  greater  than,  those  given  by  the  Kutter  formula.  The  Irrawaddy 
experiments,  which  Bazin  said  did  not  show  this  effect  of  slope,  plotted 
in  figure  68,  are  seen  to  illustrate  the  change  very  markedly.  This 
is  particularly  true  for  the  gagings  between  the  stages  of  10  and  30 
feet  which  are  the  ones  Bazin  used  in  developing  his  formula,  the  ones 
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for  which  he  says  the  slopes  were  most  accurately  determined.  The 
Bogue  Phalia  experiments,  shown  in  figure  69,  also  offer  evidence  of 
a  decrease  in  C  with  an  increase  in  S.  While  these  experiments  were 
made  under  unusual  difficulties  great  care  was  exercised  in  both  field 
and  office  work  and  it  is  not  believed  that  the  results  are  in  error 
sufficiently  to  vitiate  the  conclusions.    Although  the  measurements  on 
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FIG.  71.— STUDY  OF  THE  EFFECT  OF  iS  ON  C  BASED  ON  THE  VOLGA 

RIVER  MEASUREMENTS  AT  SHIGULY. 

The  line  shows  the  variation  of  C  with  S  given  by  the  Kutter  formula  for  the 
values  of  n  and  R  noted  thereon.  These  values  of  n  and  R  correspond  very  closely 
with  the  averages  for  the  entire  series  of  experiments. 

the  Mississippi  River  at  CarroUton,  shown  in  figure  70,  do  not  offer 
such  conclusive  evidence  as  the  Bogue  Phalia  and  Irrawaddy  results, 
especially  in  the  case  of  the  1912  gagings  where  the  first  two  obser- 
vations seem  to  differ  from  the  others,  they,  nevertheless,  indicate 
the  same  general  tendency.  Unfortunately  the  total  range  in  slope 
for  these  gagings  was  not  great.  The  measurements  on  the  Volga, 
shown  in  figures  71  and  72,  although  slightly  discordant  in  certain 
individual  cases,  show  a  decrease  in  C  with  an  increase  in  S. 

Figures  68  to  72,  inclusive,  seem  to  substantiate  the  slope  effect 
shown  by  Humphreys  and  Abbot's  gagings.  They  indicate  that 
Kutter's  slope  correction  was  justified  for  large  channels  at  least.  It 
is  worth  noting  aldo  that  in  Groger's  formulas,  described  in  chapter 
VII,  the  exponent  of  S  is  less  than  0.5  which  corroborates  the  rela- 
tion derived  by  Ganguillet  and  Kutter.     Groger's  formulas  seem  to 
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have  been  carefully  and  scientifically  determined.  For  radii  less 
than  one  meter  it  is  probable  that  Kutter's  slope  term  is  in  error.  It 
is  possible  that  for  open  channels  C  always  decreases  with  an  increase 
in  S  and  that  this  effect  becomes  appreciable  only  in  instances  where 
the  slopes  are  unusually  flat.    Actual  data  showing  this  slope  effect 

foz^ _M>Z 


74 


70 


i 


74 


70 


.024 


.026 


,046 


XSZ 


,032  J036  .040  .044 

3/opQ  per  Thousand  (/0005) 

FIG.  72.— STUDY  OF  THE  EFFECT  OF  iS  ON  C  BASED  ON  THE  VOLGA 

RIVER  MEASUREMENTS  AT  SCZMARA. 

The  line  shows  the  variation  of  C  with  S  given  by  the  Kutter  formula  for  the 
values  of  n  and  R  noted  thereon.  These  values  of  n  and  R  correspond  very  closely 
with  the  averages  for  the  entire  series  of  experiments.  Each  point  is  based  on  data 
obtained  by  averaging  five  independent  gagings  made  on  consecutive  days. 

is  now  limited  to  measurements  on  large  rivers.  However,  since  we 
have  no  measurements  in  small  channels  with  extremely  flat  slopes, 
it  is  not  possible  to  say  whether  or  not  the  magnitude  of  the  effect 
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is  dependent  on  the  size  of  the  stream.  It  does  not  seem  imreasonable 
that  the  law  for  open  channels  should  be  different  from  that  for  pipes 
under  pressure. 

Variations  in  m  and  n 

Variations  in  m  and  n  corresponding  to  changes  in  R  and  V  in 
the  same  channel  were  the  roughness  is  constant,  have  been  discussed 
by  different  writers.    Parker  sajrs,  on  page  476  of  his  Control  of  Water : 

The  real  value  of  Bazin's  formula  is  that  for  the  same  chamiel,  and  for  alterations 
in  12,  and  V,  such  as  occur  in  a  channel  which  does  not  visibly  alter  its  regime,  y 
(Bazin's  roughness  coefficient  in  a  slightly  different  form)  is  fairly  constant.  On 
the  other  hand,  if  Kutter's  n  is  calculated  imder  similar  circumstances,  it  will  usually 
be  found  to  vary  more  than  can  be  explained  by  possible  errors  in  observation. 

Bellasis,  on  page  173  of  his  Hydraulics  with  Tables,  says: 

With  change  of  R,  Kutter's  coefficient  varies  more  than  Bazin's  for  smooth 
channels,  and  less  than  Bazin's  for  rougl^  channels. 

However,  in  neither  of  these  cases  was  any  actual  data  given  to 
prove  their  assertions.  In  order  to  reach  a  definite  conclusion  re- 
garding this  matter  studies  were  made  on  the  basis  of  several  series 
of  measurements,  covering  a  wide  range  of  conditions.  The  average 
values  of  m  and  n  were  calculated  for  each  series.  The  mean  varia- 
tions of  the  individual  results  from  these  averages  were  then  com- 
puted and  expressed  as  percentages  of  the  average  value^.  The  re- 
sults are  given  in  table  46,  the  actual  values  of  m  and  n  being  included 
also. 

It  will  be  noticed  that  the  average  variation  of  m  exceeds  that  of 
n  in  23  instances  out  of  the  total  of  24;  and  that  in  the  24th  series 
the  variation  in  m  is  practically  as  great  as  the  variation  in  n.  It 
seems  that  Bazin's  formula  is  not  as  good  as  Kutter's  even  for  his 
own  measurements.  The  mean  of  the  average  variations  of  m  for 
all  of  the  series  compared  is  9.67  per  cent,  while  that  of  n  is  3.58  per 
cent,  only  about  one  third  as  great. 

A  great  many  other  series  of  measurements  might  have  been  util- 
ized in  table  46.  However,  the  results  of  the  comparisons  probably 
would  not  have  been  changed  appreciably  by  an  increased  amount  of 
data.  The  table  as  it  stands  is  really  partial  to  the  Bazin  formula. 
Out  of  the  total  of  24  comparisons,  16,  or  two  thirds  of  the  totals  are 
based  on  Bazin 's  own  work.  It  is  Ukely  that  an  increased  number 
of  comparisons  would  simply  strengthen  the  evidence  in  favor  of  the 
Kutter  equation. 

The  comparatively  large  variation  in  m  in  the  case  of  river  chan- 
nels is  probably  due  to  the  absence  of  a  slope  term  in  the  Bazin  for- 
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Table  46. — Comparison  of  VariationB  In  Bazin's  m  and  Kutter's 

n 

MeMuremeots 

ATcrage  Values 

Airtngt  VarUtloo 

m 

n 

m 

n 

Baz'"'*»  SAriflu    ft 

.185 
.156 
.142 
.199 
.144 
.129 
.324 
.311 
;321 
.715 
.711 
.721 
.424 
.444 
.658 
.704 
1.98 
4.09 
2.12 
1.33 
1.46 
1.35 
1.58 
1.76 

.0127 
.0120 
.0116 
.0130 
.0117 
.0113 
.0151 
.0148 
.0150 
.0209 
.0212 
.0215 
.0168 
.0171 
.0195 
.0205 
.0316 
.0704 
.0342 
.0320 
.0334 
.0322 
.0311 
.0363 

Per  cent 

5.2 

3.4 

3.8 
10.6 

3.4 

3.7 

1.6 

2.7 

4.4 

4.2 

5.7 

6.7 

1.8 

3.1 
18.6 
11.1 
10.9 
35.7 

4.8 

5.4 
12.8 
23.0 
13.0 
36.5 

Per  oeot 
1.1 
1.0 

2.5 
1.2 
1.4 
3.8 
1.0 
1.2 
1.8 
1.2 
1.6 
2.2 
0.4 
1.2 
8.8 
5.7 
4.9 
22.2 
1.6 
3.0 
2.8 
6.2 
4.1 
5.0 

'          "        7 

'          "       8 

'          "       9 

'          "      10 

'          "      11 

'          "      12 

'          "      13 

'          "      14 

'          "      15 

'          "      16 

'          "      17 

'          "     32 

'          "     33 

'          "     44 

'          "     46 

Tad 
Bofi 
Ark 

Imor  Expe.  2,  4,  6,  8,  and  10 

lie  Phalia.  Cxps.  28-34 

.ansaa  ditches.  Cxds.  40-45 

Mifi 

isissippi  River  Expe.  66-74 

Mis 

Bissippi  River  Exps.  75-84 

lira 

kwaddy 

Vol 
Vol 

ea  at  Sczmara 

Ka  at  Shiffulv 

» »*■( 

A 

Lvenure  Variation 

9.67 

3.58 

mula.  The  variation  in  m  in  the  case  of  small  channels  is  doubtless 
due  to  some  defect  in  the  equation.  It  is  likely  that  Bazin's  formula 
should  be  modified  so  that  the  straight  lines  in  figure  42  will  meet  in 
a  point  somewhat  lower  than  the  ordinate  0.0115  and  a  short  distance 
to  the  left  of  the  scale  of  ordinates;  or  it  may  be  that  they  should  not 
intersect  in  one  point  at  all  but  should  come  together  in  some  such 
manner  as  do  the  lines  representing  the  Kutter  equation. 


CONCLUSION 

The  studies  recorded  in  this  chapter  lead  to  the  following  con- 
clusions: 

1.  Of  the  German  formulas  which  have  been  developed  on  the 
assumption  that  a  roughness  coefficient  is  not  necessary,  not  one  pos- 
sesses sufficient  merit  to  warrant  its  adoption  as  a  general  formula. 

2.  It  is  not  possible  to  develop  a  satisfactory  formula  for  velocities 
in  open  channels  without  introducing  therein  a  variable  term  to  allow 
for  changes  in  roughness. 

3.  No  exponential  formula  so  far  advanced  could  be  recommended 
for  general  use. 
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4.  The  effect  of  temperature  should  not  be  introduced  into  a  for- 
mula for  the  flow  of  water  in  open  channels  unless  its  magnitude  is 
greater  than  that  assumed  by'  Biel. 

5.  Manning's  formula  in  its  original  form  is  practically  as  good  as 
Kutter's  for  channels  of  small  or  ordinary  dimensions,  but  is  inferior 
to  Kutter's  for  large  rivers.  Although  its  algebraic  form  is  somewhat 
more  simple  than  Kutter's  equation  it  does  not  seem  advisable  to 
adopt  it  for  use  even  in  ordinary  instances  since  the  latter  formula  is 
now  in  quite  general  use  and,  moreover,  is  appUcable  to  extreme  cases. 

6.  No  definite  effect  of  the  slope  on  the  Chezy  coefficient  is  shown 
by  the  experimental  data  for  small  open  channels. 

7.  Data  available  at  present  shows  a  decrease  in  C  with  an  in- 
crease in  /S  in  large  rivers  with  flat  slopes. 

8.  The  Bazin  formula  is  inferior  to  Kutter's  for  all  types  of  open 
channels.  The  constancy  of  the  factor  m  is  less  than  that  of  the  fac- 
tor n  in  all  instances. 

9.  Although  the  Kutter  formula  is  not  ideal  it  is  the  best  equation 
available  at  the  present  time. 


CHAPTER    XI.— CALCULATION    OF    DISCHARGE 
FROM  MEASUREMENTS  AT  CONTRACTED 

OPENINGS 

The  methods  of  computing  discharges  from  surveys  at  contracted 
openings  have  been  discussed  briefly  in  chapter  III,  in  connection 
with  the  description  of  the  1913  flood  measurements.  This  chap- 
ter will  take  up  these  methods  in  detail,  giving  illustrations  of  their 
application  as  well  as  experimental  tests  of  their  accuracy,  and  will 
also  consider  certain  material  that  has  been  pubUshed  on  this  subject. 
An  erroneous  formula  that  has  been  used  considerably  will  be  discussed 
as  well  as  an  article  entitled  Backwater  at  Bridges  that  was  published 
in  Germany  in  1911.  A  few  additional  articles  on  this  subject  were 
found  in  European  literature  but  since  they  contained  nothing  of 
value  they  will  not  be  taken  up. 

METHODS  USED  IN   1913  FLOOD  MEASUREMENTS 

Where  a  stream  passes  through  a  constricted  opening  in  which 
the  area  of  cross  section  is  appreciably  less  than  the  general  normal 
cross  section  of  the  stream,  there  must  be  a  corresponding  increase  of 
the  velocity  of  the  water  while  passing  through  the  contraction.  Such 
an  increase  of  velocity  can  be  produced  only  by  the  conversion  of  head 
into  velocity  in  accordance  with  Bemouilli's  theorem.  The  amount  of 
head  so  used  shows  as  a  rather  sudden  drop  of  the  water  surface  at 
the  entrance  of  the  contracted  opening.  The  increase  of  the  velocity 
of  any  particle  must  take  place  simultaneously  with  its  decrease  of 
pressure  or  head;  but  the  increase  of  the  velocity  must  evidently  take 
place  just  above  and  at  the  entrance  to  the  contracted  opening  be- 
cause the  full  velocity  must  be  attained  by  the  time  the  water  has 
entered  the  minimum  cross  section;  hence  the  drop  in  the  surface 
must  likewise  occur  just  above  and  at  the  entrance  to  the  restricted 
waterway,  and  must  be  complete  by  the  time  the  water  has  entered 
the  channel  of  smallest  cross  section.  This  agrees  with  the  results  of 
ordinary  observation  that  the  surface  drop  around  bridge  piers  or 
other  obstructions  occurs  rather  suddenly  at  their  upper  ends  and  is 
nearly  complete  by  the  time  the  water  reaches  the  area  between  the 
sides  of  the  piers,  excepting  in  so  far  as  this  effect  may  be  disturbed 
by  sharp  comers  producing  local  contraction  effects  and  eddies. 

When  the  surface  drop  amounts  to  one  foot  or  more  and  the  length 
of  the  contracted  section  is  so  short  that  the  friction  head  is  either 
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negligible  or  only  a  small  part  of  the  total  head,  the  conditions  afford 
a  fairly  reliable  means  of  estimating  the  flow  through  the  opening. 
As  the  steps  involved  in  the  calculation  are  somewhat  complicated, 
it  seems  desirable  to  discuss  fully  the  process  to  be  followed  in  making 
an  estimate  by  this  method. 

Iiet  At  s  area  in  square  feet  of  cross  section  of  the  stream  in  the 
most  contracted  section. 

k  —  A  coefficient  of  contraction  to  be  applied  if  the  water  moves 
around  any  sharp  comers  in  entering  the  contracted  section. 

H  »  surface  drop  in  feet  at  the  entrance  to  the  contracted  section. 

V  =  velocity  in  the  stream  above  the  drop-oflf. 
Then  the  velocity  of  the  water  in  the  contracted  section  is 

• 

Q 


kAi 
the  velocity  head  in  the  contracted  section  is 

0* 


t 


2glfiAi 
and  the  head  due  to  the  velocity  of  approach  is 

Yl 

By  Bemouilli's  theorem,  if  the  effect  of  friction  has  been  taken 
account  of^  or  is  ignored 

^^      =  i?  4-  — 
2gk?Ai*  ^  2g 

from  which  

Q  --kAi^2gH  +  V^  (74) 

In  this  equation  Q  is  the  quantity  to  be  calculated  and  the  other 
quantities  are  all  to  be  determined  by  measurement  or  estimated  from 
observation.  The  latter  requires  careful  exercise  of  judgment,  and 
the  matters  to  be  taken  into  consideration  will  be  discussed  briefly. 

As  the  stream  approaches  the  contracted  area  there  is  a  perceptible 
increase  of  velocity  accompanied  by  a  corresponding  drop  of  the  sur- 
face. This  surface  drop  extends  upstream  for  some  distance  above 
the  entrance  to  the  restricted  opening,  similar  to  the  surface  drop 
approaching  a  weir.  The  surface  reaches  its  lowest  level  at  approxi- 
mately the  upper  end  of  the  contraction.  In  the  case  of  bridges  there 
is  usually  scarcely  any  perceptible  surface  drop  during  the  motion  of 
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the  water  between  the  piers.  At  the  lower  end  of  the  contracted 
channel  the  water  emerges  with  its  high  velocity  into  a  channel  of 
much  greater  cross  section.  In  this  portion  the  velocity  of  the  water 
is  gradually  reduced  by  friction  and  eddies  to  its  previous  normal 
value;  and,  during  this  change,  the  water  surface  is  usually  nearly 
level  or  with  decidedly  less  slope  than  the  ordinary  fall  of  the  river. 
Theoretically,  the  surface  might  have  no  fall  during  this  change  or 
even  might  rise  slightly  as  the  water  leaves  the  contraction.  Although 
various  interfering  factors  generally  tend  to  prevent  the  latter  action 
it  is  possible  that  in  favorable  cases  the  water  surface  may  be  found  to 
rise  for  some  distance  downstream.  This  was  indicated  in  the  case 
of  the  Tadmor  investigations,  discussed  in  chapter  III,  by  a  few  def- 
inite highw&ter  marks  secured  about  a  thousand  feet  below  the  open- 
ing. For  lack  of  space  these  marks  were  not  shown  in  the  plat  and 
profile  in  figure  2. 

The  area  of  the  cross  section  of  the  stream  at  the  location  of 
highest  velocity  is  represented  in  the  above  equation  by  Ai.  For 
rivers  in  flood  the  highest  velocity  may  scour  the  bottom  below  its 
normal  level.  In  such  cases  the  measurement  of  the  cross  section 
must  be  made  with  particular  care.  If  any  hole  is  produced  in  the 
bottom  of  the  channel  in  which  the  water  is  moving  aroimd  in  an  eddy, 
such  area  should  not  be  included  in  the  value  of  A  i  to  be  used  in  the 
above  formula,  since  it  is  not  a  part  of  the  effective  cross  section. 

If  the  entrance  to  the  constricted  opening  has  sharp  edges  or  square 
comers,  eddies  will  be  produced  just  below  the  comers,  and  a  coef- 
ficient of  contraction  k  should  be  applied  to  the  area.  In  the  case  of 
a  bridge  with  numerous  piers  the  contraction  will  be  increased.  ,  The 
amount  of  the  contraction  will  depend  also  upon  the  sharpness  of  the 
comers.  Careful  observation  will  help  in  forming  an  estimate  of  the 
fraction  of  the  total  cross  section  to  be  deducted  on  this  account. 
Probably  in  general  the  coefficient  k  should  not  be  less  than  90  or  95 
per  cent. 

The  surface  drop,  H,  to  be  used  in  the  equation  generally  can  not 
be  measured  directly,  on  account  of  the  gradual  drop  of  the  stream  in 
approaching  the  entrance  to  the  contracted  opening.  Perhaps  as  sat- 
isfactory a  method  as  any  for  determining  this  quantity  is  as  follows: 

The  elevation  of  the  water  surface  at  a  large  number  of  points 
above  the  contraction  must  be  observed  so  that  when  the  points  are 
plotted  on  a  profile,  the  discrepancies  due  to  the  difficulties  in  deter- 
mining the  tme  elevation  of  a  pulsating,  agitated  water  surface  can 
be  practically  eliminated  and  the  tme  slope  determined  with  reason- 
able accuracy.  Produce  the  line  representing  the  average  surface 
slope  in  the  stream  above  the  drop-off  to  the  upper  end  of  the  con- 
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traction.  In  a  smiliar  manner  measure  and  plot  on  the  profile  sur- 
face elevations  in  the  contraction  and  at  points  below.  An  average 
line  through  the  points  below  the  opening  will  be  nearly  level  or  have 
much  less  slope  than  the  profile  above  the  drop-off.  The  difference 
in  elevation  between  the  two  lines  at  the  location  of  the  most  contracted 
cross  section  is  the  value  of  IT  to  be  used  in  the  formula,  since  it  is  the 
head  that  creates  the  velocity  through  the  contraction,  unless,  as  may 
be  the  case  for  high  velocities,  it  seems  desirable  to  make  a  deduction 
to  cover  the  additional  friction  caused  by  the  high  velocity  approach- 
ing and  passing  through  the  contraction.  This  quantity  can  only  be 
determined  approximately.  Using  the  law  that  friction  is  propor- 
tional to  the  square  of  the  velocity,  the  additional  friction  slope  may 
be  calculated  for  a  length  of  channel  equal  to  the  length  of  the  con- 
tracted section  plus  the  length  of  the  surface  drop.  The  average 
velocity  in  this  length  may  be  taken  as  the  mean  of  the  velocity  of 
approach  and  the  velocity  in  the  most  contracted  section;  or  it  may 
be  taken  equal  to  the  square  root  of  the  average  of  the  square  of  the 
velocity  of  approach  and  the  square  of  the  velocity  in  the  most  con- 
tracted section.  The  latter  method  is  probably  the  better  of  the  two. 
If  standing  waves  exist  in  the  contracted  section  or  below  it,  their 
effect  must  be  eliminated  in  obtaining  the  average  surface  elevation 
below  the  contraction. 

The  quantity  V  is  the  velocity  of  approach  in  the  channel  above 
the  contraction.  It  may  be  taken  as  the  general  average  velocity  of 
the  stream  if  the  latter  is  known;  or,  if  not,  it  may  be  estimated  from 
the  dimensions  of  the  cross  section  of  the  stream  above  the  contrac- 
tion. For  the  latter  process  a  tentative  value  of  V  may  be  used  to 
calculate  Q  from  equation  74;  and  then,  by  successive  approximations, 
a  value  can  be  obtained  which  will  satisfy  equation  74  and  also  satisfy 
the  relation  that  Q  equals  V  multiplied  by  the  area  of  cross  section 
above  the  contraction.  It  is,  of  course,  easy  to  substitute  for  V  in 
equation  74  the  value  Q  divided  by  the  area  of  cross  section  and  then 
again  solve  the  equation  for  Q  directly. 

It  may  be  noted  here  that  the  theory  of  this  calculation  is  exactly 
the  same  as  that  imderlying  the  Venturi  meter;  and  it  is  one  of  the 
best  established  principles  in  hydraulics.  If  a  correction  is  included 
to  account  for  the  additional  head  used  in  overcoming  friction,  the 
formula  may  be  written  in  the  form 


Q  =  kA^yJ2g(^H  +  ^  -  A,)  (75) 

In  the  surveys  at  the  Miami  and  Erie  Canal  bridge  about  a  mile 
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aad  a  half  below  Tadmor,  described  in  detail  in  chapter  III,  the  fol- 
lowing data  was  obtained: 

Ai  =  7960  Bquare  feet 

H  =  4.8  feet 

V   =  4.2  feet  per  second 

hf  —  0.8  feet,  see  chapter  III  for  computation  of  this  quantity 

Taking  k  equal  to  unity,  since  the  effective  area  was  carefully 
measured,  we  have 


Q  =  7960  ^64.32  (  4.8  +  ^  -  0.8  j  =  132,100  second  feet 


FIG.  73.— MAP  SHOWING  CONTRACTED  OPENING  AT  KEOWEE 

STREET  BRIDGE,  DAYTON. 

The  profilee  of  the  cross  aections  are  shown  in  figure  76. 


EXPBRIMEirrAL   TEST    OF   THE    CONTRACTED    OPENING 
METHOD 

At  the  time  the  investigations  were  made  of  the  maximum  dis- 
charge rates  of  the  flood  of  March,  1913,  described  in  chapter  III, 
no  experimental  data  was  at  hand  by  which  to  investigate  the  value 
of  the  contracted  opening  method.    During  the  small  freshet  of  July 


This  view  waa  taken  July  22,  1916,  from  »  plaoc  near  the  lower  end  of  the 
contracted  aection.  The  wooden  piles  shown  in  the  right  of  the  picture  were  driven 
after  the  measurements  hod  been  made. 
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Distances  from  Left  Bank  in  Feet 
0 20  40  0  20  40  60 


FIG.  76.— CROSS  SECTIONS  OF  MAD  RIVER  ABOVE  THE  KEOWEE 

STREET  BRIDGE,  DAYTON. 

These  sections  were  taken  in  July,  1916.    The  locations  of  the  sections  are 
shown  on  the  map  in  figure  73  and  on  the  profile  in  figure  76. 
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21, 1916,  measurements  were  secured  at  a  contracted  opening  on  Mad 
River,  at  the  Keowee  Street  bridge  in  Dayton.  Although  the  con- 
ditions were  not  suitable  for  a  reliable  estimate  by  the  contracted 
opening  method,  the  friction  head  being  a  relatively  large  percentage 
of  the  total  head,  the  observations  indicate  the  accuracy  of  this 
method  when  applied  to  cases  where  the  friction  loss  is  comparatively 
small. 

The  contraction  in  area  was  brought  about  during  the  construction 
of  the  new  concrete  bridge;  and  was  formed  between  the  cofferdam 
built  for  the  first  pier  and  the  south  edge  of  the  stream.     Figure  73, 
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FIG.  76.— PROFILE  OF  MAD  RIVER  ABOVE  THE  KEOWEE  STREET 

BRIDGE,  DAYTON. 

Observations  were  taken  during  the  freshet  of  July  21,  1916. 

taken  from  one  of  the  topographic  maps  of  the  Miami  Conservancy 
District,  shows  the  details  of  the  location.  In  excavating  for  the 
piers  and  abutments  so  much  material  was  dumped  around  the  north 
side  of  the  cofferdam  that  the  flow  through  that  section  of  the  channel 
was  practically  cut  off,  thus  requiring  the  total  discharge,  which  had 
been  distributed  in  a  section  about  150  feet  wide  and  5  feet  deep,  to 
pass  through  a  channel  about  40  feet  wide  and  3  feet  deep.  A  part 
of  the  contraction  was  due  to  a  definite  rise  in  the  channel  bottom 
near  the  section  of  minimum  width.    Figure  74  is  a  photograph  taken 
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on  July  22,  1916,  from  a  place  on  the  south  side  of  the  stream  near 
the  lower  end  of  the  contracted  section.  The  wooden  piles  shown  in 
the  right  of  this  view  were  driven  after  the  measurements  had  been 
made. 

Current  meter  gagings  were  taken  at  the  upstream  side  of  the  old 
Eeowee  Street  bridge,  using  a  small  Price  meter,  suspended  by  a 
cable,  and  held  in  place  by  a  stay  wire.  Observations  were  taken  by 
the  two  point  and  six  tenths  depth  methods  in  a  total  of  8  verticals, 
the  former  method  being  used  in  5  verticals  and  the  latter  in  3. 

Elevations  of  the  water  surface,  from  a  place  about  250  feet  above 
the  contraction  to  a  place  about  120  feet  below,  were  secured  at  the 
time  the  velocity  measurements  were  made;  as  were  also  the  cross 
sections  within  the  contracted  stretch.  Cross  sections  above  the  open- 
ing, for  use  in  computing  the  velocity  of  approach,  were  taken  a  few 
days  later.  The  profiles  of  the  sections  are  shown  in  figure  75,  while 
their  locations  are  indicated  on  the  plat  in  figure  73.  Table  47  gives 
the  area,  top  width,  wetted  perimeter,  and  hydraulic  radius  of  each 
section.  Figure  76  shows  the  profile  of  the  water  surface  along  the 
center  line  of  the  stream,  the  profile  of  the  stream  bed,  the  actual 
elevations  taken  to  determine  the  water  surface  slope,  the  locations 
of  the  cross  sections,  and  other  features. 

Cross  sections  1  to  4  inclusive  were  taken  within  the  contraction, 
number  4  being  located  at  the  upper  end  of  the  cofferdam;  while  sec- 
tions 5  to  8  inclusive  were  taken  above  the  contraction. 


Table  47. — ^HydnuUc  Elements  of  Cross  Sections,  Contracted  Opening  Investigations 

on  Mad  River 


Bectfon 

Are* 

Top  Width 

Wetted  Perimeter 

HTdnoUc  Radliis 

Sauarefaet 

Feet 

Feet 

Feet 

8 

514 

126 

128 

4.01 

7 

502 

141 

143 

3.51 

6 

477 

162 

165 

2.90 

5 

511 

164 

165 

3.10 

4 

250 

50 

57 

4.39 

3 

147 

34 

41 

3.59 

2 

109 

40 

44 

2.47 

•1 

82.5 

40 

44 

1.87 

The  results  of  the  investigations  were  as  follows: 

Friction  slope  above  contraction  =  0.00040. 

Discharge  =  432  second  feet. 

Area  above  contraction  =  611  square  feet. 

Velocity  of  approach  =  0.845  feet  per  second. 

Head  due  to  velocity  of  approach  =  0.011  feet. 

Area  at  place  of  maximum  contraction  =  82.5  square  feet. 

*  Velocity  measuring  section,  upstream  side  of  Keowee  Street  bridge. 
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Average  velocity  at  place  of  maximum  contraction  =  5.24  feet  per 

second. 
Head  corresponding  to  5.24  feet  per  second  =  0.427  feet. 
Increase  in  velocity  head  =  0.416  feet. 
Drop  in  water  surface  =  1.35  feet. 
Total  head  »  1.36  feet. 
Friction  loss  =  0.934  feet. 
Ratio  of  friction  head  to  total  head  =  0.686. 
Length  of  drop-off  =  135  feet. 

Computation  of  the  friction  loss  by  the  method  followed  in  work- 
ing up  the  1913  flood  measurements  would  be  as  follows: 

0  845*  +  5  24* 
Friction  loss  =  135  X  0.00040  X  -^ — ^^7^  =  1065  feet,  or 

^  X  U.o4o^ 

0.131  feet  more  than  the  actual  loss. 

Computation  of  the  discharge  from  the  mesaured  drop-off  and 
friction  slope  above  the  contraction,  by  the  methods  used  for  the  1913 
flood  measurements,  would  be  made  in  the  following  manner: 

Area  above  contraction     =     511  square  feet. 

Friction  slope  above  drop-off  =  0.00040. 

Surface  drop  =  1.35  feet. 

Length  of  drop-off  =  135  feet. 

Assume  head  due  to  velocity  of  approach  =  .01  feet. 

Then  total  available  head  at  opening  =  1.36  feet. 

Assume  friction  loss  =  1.06  feet. 

Then  velocity  head  at  opening  =  0.30  feet. 

Velocity  at  opening  =  4.39  feet  per  second. 

Discharge  =  82.5  X  4.39  =  362  second  feet. 

Velocity  of  approach  =  362/511  =  .709  feet  per  sec. 

Head  due  to  velocity  of  approach  =  0.0078. 

7Q92  -i-  4  392 

Computed  friction  =  135  X  0.0040  X  '—z zr^  =  1.06  feet. 

2  X  .709* 

Hence  the  assumption  of  friction  loss  may  be  considered  to  be 
correct  and  the  discharge  to  be  362  second  feet  or  84  per  cent  of  the 
measured  discharge.  Of  course  one  or  two  trial  computations  were 
made  before  the  computed  loss  was  found  to  agree  with  the  assumed 
value. 

It  is  interesting  to  note  that  the  maximum  velocity  measured  at 
the  meter  section,  9.27  feet  per  second,  is  almost  exactly  the  same  as 
the  theoretical  velocity  due  to  the  total  available  head  at  the  open- 
ing, 9.35  feet  per  second.  The  ratio  of  the  mean  velocity  at  the  meter 
section  to  the  maximum  velocity  measured,  or  to  the  theoretical  velo- 
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city  due  to  the  total  head,  was  about  0.56.  This  ratio  would  be  the 
value  of  the  coefficient  k  in  formula  74,  in  which  case  it  would  account 
for  friction  losses  as  well  as  contraction  effects. 

The  errors  in  the  determination  of  surface  drop,  cross  section,  and 
discharge,  are  probably  small.  It  is  doubtful  if  the  surface  drop  or 
cross  sections  are  in  error  more  than  3  per  cent,  or  the  discharge  more 
than  5  per  cent.  Although  the  observations  were  secured  under  dif- 
ficult conditions  they  were  taken  with  care.  The  friction  slope  above 
the  contraction  was  not  so  definitely  determined,  however.  Only  3 
elevations  were  secured,  and  1  of  these  was  probably  on  the  upper 
part  of  the  drop-off  curve.  The  value  of  .00040  given  above  might 
be  in  error  as  much  as  50  per  cent  if  the  3  points  secured  were  abso- 
lutely correct.  Discrepancies  due  to  leveling  might  increase  the  error 
to  100  per  cent. 

If  the  friction  slope  had  been  0.00030  instead  of  .00040  the  esti- 
mate of  discharge  by  the  method  followed  in  the  1913  flood  studies 
would  have  been  about  15  per  cent  too  great;  if  the  slope  had  been 
0.00035,  the  estimate  of  discharge  would  have  been  correct;  and  if 
the  slope  had  been  0.00045  the  estimate  would  have  been  about  40 
per  cent  too  small.  This  shows  the  importance  of  accurately  deter- 
mining the  friction  slope  above  the  contraction,  especially  where  the 
friction  loss  is  a  large  part  of  the  total  head. 


Table  48.— Head  at  Contracted  Ope 

ninga,  1913  ^ood  Measurements 

Location 

Section 

Total  Held 

Frietton  Head 

Ratio  or  FHo- 
UonHeadto 
Total  Head 

Ta  wawa  Creek 

ft             It 

Turtle  Creek.. !!..!! 
tt         tt 

Sidney 

Gi-Hi 

Gr-H, 

Gr-H, 

Ai-Bi 

Ar-B, 

Railroad 

1 

2 

4 

6 

7 

K 

Railroad 

Railroad 

Highway 

Highway 

B-2 
B-3 
H-1 

Highway 
R.  R.  Br.  No.  121 
R.  R.  Br.  No.  122 

Feet 

8.8 
8.8 
0.6 
4.0 
4.0 
3.2 
2.2 
1.1 
3.5 
2.2 
2.4 
5.1 
4.4 
1.7 
3.0 
3.5 
3.8 
2.4 
2.4 
1.0 
1.7 
2.7 
5.0 

Feet 
0.8 
1.2 
1.3 
0.8 

0.0 
0.8 
0.0 
0.4 
2.8 
1.6 
0.5 
0.8 
0.8 
0.2 
1.0 
0.2 
0.0 
0.8 
0.8 
0.4 
0.4 
0.4 
1.5 

.00 
.14 
.14 

.16 
.18 
.25 
.41 
.36 
.80 
.68 
.21 
.16 
.18 
.12 
.33 
.06 
.24 
.33 
.33 
.21 
.24 
.15 
.30 

Troy 

«^ 

« 

« 

tt 

Tftdmor 

Miainisburg 

Covinirton 

West  Milton 

SprinorfieM 

tt 

tt 

Donnelsville 

Below  Sprinsfield 

«  ■  ■  • 

Average  ratio  of  friction  head  to  total  head  »  0.264. 
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The  estimates  of  the  1913  flood  dischargei  computed  from  con- 
tracted opening  measurements,  should  not  be  much  in  error  on  ac- 
count of  inaccuracies  in  slope  determination,  since  the  head  required 
to  overcome  the  channel  resistance  through  the  constructions  was,  in 
general,  only  a  small  proportion  of  the  total  head.  Table  48  gives 
the  total  head,  friction  head,  and  ratio  of  friction  head  to  total  head, 
for  each  of  the  contracted  openings  surveyed  at  that  time.  The  aver- 
age ratio  of  friction  head  to  total  head  for  the  23  measurements  was 
0.264  while  the  corresponding  ratio  for  the  Mad  River  data  was  6.686. 
At  the  Sidney  location,  which  is  an  average  case,  an  error  of  25  per 
cent  in  estimating  friction  loss  would  have  caused  an  error  of  only 
about  4  per  cent  in  discharge,  or  an  error  of  50  per  cent  in  friction 
would  have  resulted  in  an  error  of  only  about  8  per  cent. 

Although  the  conditions  at  the  contracted  opening  above  Keowee 
Street  were  not  suitable  for  an  accurate  estimate  of  discharge  by  the 
contracted  opening  method,  the  observations  may  be  considered  as 
a  very  satisfactory  check  on  the  accuracy  of  the  1913  flood  estimates 
as  well  as  a  proof  of  the  feasibility  of  determining  flood  flows  in  this 
manner. 

AN  ERRONEOUS  DROP-OFF  FORMULA 

A  formula  quite  different  in  basis  from  equation  75,  spoken  of  in 
the  following  discussion  as  the  submerged. weir  formula,  is  frequently 
quoted  in  textbooks  on  hydraulics.  It  is  based  upon  the  assimoiption 
that  the  quantity  of  water  entering  the  contracted  section  may  be 
calculated  as  the  sum  of  two  portions,  the  lower  part  flowing  through 
a  submerged  orifice  and  the  upper  part  flowing  over  a  weir.  This 
assumption  is  unwarranted  and  conflicts  with  established  hydraulic 
theory.    The  formula  is  generally  given  in  the  following  form: 


where 


Q  =  c  A^Lf B(H  +  A)'^  +  bD{H  +  h)'^]  (76) 

• 

c   is  a  coefficient  of  discharge, 

B  is  the  width  above  the  contraction, 

6   is  the  contracted  width, 

D  is  the  mean  depth  within  the  contraction, 

H  is  the  surface  drop,  and 

h  is  the  head  due  to  the  velocity  of  approach. 

Figure  77  is  a  section  along  the  center  of  a  stream  at  a  place  where 
it  is  flowing  through  a  contracted  opening.  It  will  aid  in  explaining 
more  definitely  the  exact  nature  of  the  various  terms.  If  we  imagine 
the  plane  of  the  water  surface  downstream  from  the  contraction  to 
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be  continued  or  prolonged  upetream,  cutting  through  the  water  to  a 
place  well  upstream  from  the  drop-off,  as  shown  by  the  line  AB,  then 
the  distance  this  plane  is  below  the  upper  water  surface  is  the  sur- 
face drop  H.  At  A,  the  point  of  contraction,  the  area  of  the  stream 
underneath  the  plane  is  considered  the  area  of  the  submerged  orifice, 
and  the  available  head  is  the  surface  drop  plus  the  head  corresponding 
to  the  velocity  of  approach.  The  discharge  calculated  from  these 
quantities  is  the  second  term  in  the  formula  and  is  substantially  the 
same  as  formula  74,  explained  and  recommended  above.  This  seems 
to  be  the  natural  and  proper  way  of  calculating  the  discharge  through 
the  section  of  greatest  contraction. 

The  part  to  which  exception  is  taken  is  the  first  term  in  the  for- 
mula.   This  term  assumes  that  at  a  place  upstream  from  the  point 


FIG.  77.— DIAGRAMMATIC  LONGITUDINAL  SECTION  AT  A  BRIDGE 

OPENING. 


A  the  water  moving  between  the  prolonged  imaginary  plane  and  the 
surface  of  the  stream  may  be  calculated  by  a  weir  formula  used  as 
though  there  were  a  weir  crest  at  the  height  of  the  imaginary  plane. 
The  amoimt  so  calculated  is  added  to  the  item  based  on  the  submerged 
orifice  theory. 

The  objections  to  this  method  are  two:  First,  the  essence  of  a 
weir  is  a  crest  which  contracts  the  cross  section  of  the  moving  stream, 
and  such  a  contraction  is  the  absolutely  essential  basis  of  the  weir 
formula.  At  the  place  chosen  for  the  calculation,  upstream  from  the 
drop-off,  there  is  no  crest  and  no  contraction.  Second,  the  water 
moving  in  the  upper  surface  layers  at  points  upstream  from  the  drop- 
off, passes  at  the  point  of  contraction  through  the  area  treated  as  a 
submerged  orifice.    This  water  is  an  essential  part  of  that  flowing 

18 
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through  the  submerged  orifice,  and  is  necessary  to  help  keep  up  the 
supply  moving  through  the  orifice  with  the  increased  velocity  due  to 
the  drop-oflf. 

A  mistaken  reliance  upon  the  validity  of  the  condenmed  formula 
may  have  arisen  from  a  confusion  of  ideas  in  reference  to  the  sub- 
merged orifice.  If  the  area  of  the  orifice  is  thought  of  as  a  cross  sec- 
tion upstream  from  the  drop-off,  it  must  be  remembered  that  at  such 
a  section  the  velocity  of  the  water  is  still  only  the  velocity  of  approach. 
The  increased  velocity  due  to  the  surface  drop-off  is  acquired  only 
gradually  as  the  surface  drops,  and  the  final  maximum  velocity  is 
attained  only  at  the  point  of  greatest  contraction,  in  accordance  with 
Bemouilli's  theorem. 

The  error  probably  arose  from  the  confusion  of  two  different-sized 
cross  sections  and  their  corresponding  velocities.  The  high  velocity 
at  the  smaller  section  is  attributed  to  an  equal  area  at  the  larger,  and 
then  an  erroneous  extra  term  is  added  to  cover  the  remainder  of  the 
larger  section. 

It  should  be  noted  that  the  discharge  corresponding  to  the  erroneous 
term  based  upon  the  weir  formula  is  usually  so  small  that  it  is  less 
than  the  uncertainty  due  to  ignorance  of  the  coefficient  of  contraction. 
Hence,  calculations  by  equation  76  have  on  occasion  been  found  to 
give  approximately  correct  results. 

The  formula  used  in  computing  the  flood  flow  of  the  Sober  River 
in  Silesia,  given  in  chapter  III,  is  practically  the  same  as  equation 
76.  The  only  difference  is  that  the  Bober  formula,  in  its  weir  dis- 
charge term,  does  not  allow  for  the  head  due  to  the  velocity  of  approach 
and  does  not  use  the  total  width  above  the  contraction. 

Since  the  above  was  written,  an  extended  discussion  of  the  effect 
on  river  flow  of  the  contraction  caused  by  bridge  piers  has  appeared 
in  the  Proceedings  of  the  American  Society  of  Civil  Engineers,  see 
paper  by  Floyd  A.  Nagler,  entitled  Obstruction  of  Bridge  Piers  to 
the  Flow  of  Water,  and  accompan3dng  discussions.  The  discussion 
by  E.  W.  Lane  is  especially  valuable. 

BACKWATER  AT  BRIDGES 

A  rather  lengthy  article  on  the  calculation  of  backwater  at  bridges 
was  published  in  Handbuch  der  Ingenieur  Wissenschaften,  Teil  III, 
Band  I,  4th  Auflage,  in  1911,  under  the  title  Backwater  at  Bridges. 
Although  the  author  devoted  several  pages  to  the  erroneous  submerged 
weir  formula,  described  above,  the  article  contains  some  interesting 
and  valuable  discussions.  Following  is  a  condensed  translation  of  the 
original  paper.    The  discussions  of  the  erroneous  formula  as  well  as 
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one  or  two  superfluous  examples  have  been  omitted.     Formulas  are  for 
use  with  metric  units. 

The  change  of  the  water  surface  at  a  bridge  is  shown  in  figure  78, 
in  which  the  backwater  profile  is  indicated  by  a  heavy  line.  The 
contraction  which  the  channel  undergoes,  from  B  to  b,  for  the  length 
of  the  piers  L,  increases  the  normal  velocity  V  to  Vi. 


Elevation 


Plan 


T 

1 


ixrngent^S 


FIG.   78.- 


-DIAGRAMMATIC   PLAN   AND   ELEVATION   AT  A   BRIDGE 

OPENING. 


Substituting  the  mean  depth  D  for  22  in  the  Chezy  formula,  we 
have 


& 


CD 


in  which  values  for  C  can  be  taken  from  the  table  of  values  for  Bazin's 
new  formula. 

If  the  velocity  under  the  bridge  is  Vi  and  the  slope  under  the  bridge 
is  Sif  then 

C*D 
The  backing  up  under  the  bridge  then  becomes 


Z  -  (5i  -  S)L 
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This  part  of  the  backwater  effect  is  so  unimportant  that  it  may  be 
neglected  in  practically  all  actual  cases. 

The  rise  in  water  level,  H,  is  not  uniform  over  the  entire  width,  b. 
Near  the  piers  the  surface  will  be  somewhat  more  strongly  backed  up 
than  in  the  middle  of  the  span;  at  the  same  time  there  will  occur, 

« 

under  the  bridge  near  the  upper  pier  heads,  a  sinking  of  the  surface 
below  the  line  shown  on  the  sketch.  This  sinking  corresponds  to  the 
contractions  that  take  place  when  water  passes  through  an  opening 
in  a  thin  wall,  and  its  influence  will  be  considered  by  using  a  contrac- 
tion coefficient. 

Within  the  extent  of  the  backwater  upstream,  the  velocity  V  must 
gradually  decrease  to  velocity  V\  The  water  depth  directly  above 
the  bridge  equals  D  +  Z  +  H,  but  since  Z  is  negligible,  we  may  sub- 
stitute D  +  H.    The  velocity  directly  above  the  bridge,  therefore,  is 

Q  (77) 


BiD  +  H) 
Under  the  bridge  the  velocity  is 

Taking  an  equation  derived  in  an  earlier  study  of  irregular  move- 
ment of  water  in  channels,  we  have 


(¥-') 


ff  =  a (79) 

It  is,  of  course,  not  practicable  to  attempt  to  calculate  the  velo- 
city, which  varies  over  the  whole  cross  section,  by  computing  it  in 
small  unit  parts,  so  the  average  velocity  V,  as  computed  in  ordinary 
practice,  is  used.  The  coefficient,  a,  is  introduced  to  correspond  to 
the  condition  that  the  square  of  the  average  velocity,  V,  does  not 
change  proportionally  to  the  square  of  the  velocity  of  the  unit  parts. 
The  value  of  a  can  only  be  determined  by  observations  carried  out 
at  the  pitcce.  Since  there  is  seldom  opportunity  for  this,  it  can  be 
taken,  according  to  St.  Venant,  at  10/9  or  1.11.  The  extent  to  which 
the  results  are  influenced  by  the  proper  choice  of  this  factor  is  indi- 
cated by  the  fact  that  in  formula  79,  U  is  proportional  to  a;  thus,  in 
example  1,  given  later,  with  a  equal  to  1.11,  H  equals  0.014  meters; 
but  if  a  were  taken  as  1,  £  would  be  0.013  meters. 
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The  quantity  A;  is  a  constant,  depending  on  the  contraction  at  the 
cross  section  and  the  loss  of  energy  from  the  formaton  of  whirlpools, 
and  the  like,  in  passing  around  the  piers.  Thus,  in  place  of  the  velo- 
city Vi,  we  have  velocity  Vi/fc.  The  value  of  fc,  according  to  Navier, 
is  as  follows: 

With  upstream  pier  heads  of  semicircular  or  acute  angle  form 0.95 

"  "  "       "      "  obtuse  angle  form 0.90 

"  "  "       "      "  square  form 0.80 

"     square  pier  heads  and  with  skew  backs  of  bridge  arch  immersed 0.70 

These  are  approximate  values.  It  is  clear  that  the  size  of  the  open- 
ing must  influence  the  value  of  h.  Other  things  being  equal,  the  value 
will  increase  with  the  length  of  the  span.  With  bridges  composed  of 
very  long  spans,  and  especially  when  the  river  banks  gradually  merge 
into  the  abutment,  and  the  heads  of  the  middle  piers,  if  there  are 
any,  are  well  rounded,  h  may  range  from  0.95  to  0.97,  or  may  differ 
but  little  from  unity.  With  a  bridge  of  many  intermediate  piers, 
the  value  of  h  is  the  sum  of  the  span  lengths.  It  is  of  course  assumed 
that  the  depth,  £>,  does  not  change  essentially  in  the  width  of  the 
river.  Bridges,  which  besides  the  river  opening,  have  also  flood  open- 
ings on  the  overflow  area  at  the  aides,  are  to  be  specially  treated  as 
shown  later.  The  depth  of  the  river  without  backwater  and  the  length 
of  the  bridge  piers,  influence  in  some  measure  the  value  of  k.  Prac- 
tical investigations  to  determine  the  amount  of  this  influence  are  very 
difficult,  and  the  values  given  by  Navier,  modified  as  noted  with  in- 
crease of  span,  are  sufficiently  accurate  in  all  ordinary  cases. 

The  reduction  in  velocity  from  Vi,  the  velocity  under  the  bridge, 
to  the  normal  value  V,  occurs  in  a  certain  distance  below  the  bridge. 
In  this  distance,  the  energy  of  the  water  particles,  which  has  been 
increased  by  the  backing  up,  changes  the  cross  section  area  to  the 
original  amount.  No  uniform  movement  of  the  water  prevails  in  this 
length.  The  energy  freed  in  the  change  from  the  greater  velocity,  Vi, 
to  the  smaller  velocity,  F,  is  dissipated  in  the  formation  of  whirlpools, 
etc.*  The  cross  section  of  flow  is  the  same  as  in  the  normal  stretch, 
that  is,  BD]  but  the  velocity  Vt  is  somewhat  greater  than  the  normal 
velocity,  V.  The  fact  that  Vt  is  greater  than  V  has  been  shown  by 
the  measurements  at  Vienna,  in  normal  stretches  of  the  Danube  and 
directly  below  the  bridges.  This  may  seem  to  contradict  one  of  the 
assumptions  that  form  the  basis  of  hydraulics;  namely,  that  no  voids 
dbn  exist  within  water  masses.    Under  this  assumption,  the  discharge, 

*  For  a  confirmation  of  this,  see  tJber  das  Verhalten  des  Wassers  in  BrOcken- 
sowie  eingeschr&nkten  Profilen  und  dessen  BerQcksichtigung  bei  den  Quantit&ts- 
Ermittelungen,  by  Goebl.  Osterreichische  Wochenschrift  fOr  den  dffentlichen 
Baudienst,  1902,  page  108. 
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Q,  can  not  be  equal  to  BDV,  and  also  equal  to  BDVt.  Under  actual 
conditions,  however,  the  velocities  at  individual  points  of  the  cross 
section  are  not  in  the  direction  of  the  stream  flow.  They  deviate 
from  this  direction  as  a  result  of  the  whirlpools,  and  other  disturb- 
ances, now  to  the  right,  now  to  the  left.  If  the  velocity  is  measured 
by  a  suspended  current  meter,  this  deviation  is  not  taken  care  of,  and 
the  velocities  measiu^d  are  greater  than  the  values  that  should  be 
taken  in  calculating  the  discharge. 

The  amount  of  the  backing-up  may  be  obtained  from  equation 
79  in  which  V  and  Vi  are  to  be  determined  from  the  discharge  Q, 
and  the  cross  sections  measured  directly  above  the  bridge  and  under 
the  bridge.  If  we  assume  cross  sections  with  horizontal  beds  and  ver- 
tical sides,  we  shall  approximate  closely  enough  to  the  actual  condi- 
tions. The  abutments  and  piers  are  always  vertical  or  approximately 
so;  and  if  the  river  banks  are  sloped,  they,  also,  can  be  represented 
by  vertical  walls.  This  approximation  is  permissible,  since  the  value 
of  k,  which  has  more  relative  influence,  can  only  be  estimated.  Sub- 
stituting the  values  of  V  and  Vi  from  equations  77  and  78,  in  equa- 
tion 79,  we  have 


ff  =  a 


2g 


(80) 


Giving  to  a  and  g  their  numerical  values  of  1.11  and  9.81,  metric 
units,  we  have 

Since  IP  occurs  in  the  denominator  of  the  second  number  within 
the  parenthesis,  H  would  have  to  be  determined  from  an  equation  of 
the  third  degree.  It  is  safer  and  easier,  however,  to  calculate  first 
the  approximate  value 


H  =  0.0666Q*  (  — —] 


(82) 


The  actual  value  of  H,  which  is  slightly  higher,  can  then  be  quickly 
determined  by  substituting  this  value  in  equation  81. 

Example  1.  Referring  to  figure  78,  let  B  equal  136  meters,  D 
equal  1.347  meters,  Q  equal  126.4  cubic  meters  per  second,  S  equal 
0.00015,  V  equal  0.69  meters  per  second,  and  the  contracted  width 
6  equal  to  124  meters.    The  velocity  imder  the  bridge  will  be 

y,  .  _1??±_  .  o.n  „.ete™  per  second 
124  X  1.347  ^ 
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The  slope  underneath  the  bridge  will  be 

Vi^  0.76» 

'Si  =  ;;i^  =  -T^T. — T^r::;  =  0.00018 

C^D      48.6«  X  1.347 

If  the  length  of  the  bridge  piers,  L,  be  taken  as  10  meters,  then 
the  backing-up  effect  under  the  bridge  will  be 

Z  =  10(0.00018  -  0.00015)  =  0.0003  meters 

and  Z  is  therefore  negligible. 

Taking  the  constant  A;  as  0.9,  then  the  backing-up  effect  Hy  by 
equation  81,  is 

H  -  0.0566  X  126.4.  (^-^^^^^^,  -  __-i__) 


whence 


H -0.0400- 0.0489  (j;jjJ—i) 


Placing  Hy  in  the  denominator,  equal  to  zero,  the  equation  gives 
H  equals  0.013  meters.  The  accurate  value  may  be  found  by  sub- 
stituting this  value  for  H  in  the  denominator,  which  gives  finally  H 
equals  0.014  meters. 

In  designing  a  bridge,  it  is  often  desirable,  in  view  of  the  character 
of  the  river  bed,  that  a  fixed  average  velocity  Vi  shall  not  be  exceeded. 
If  the  channel  is  comparatively  straight,  then  we  have  for  the  total 
clear  width  of  the  bridge,  the  equation 

Q 

b  =  -^  (83) 

VxD  ^^ 

If  the  river  at  the  bridge  is  sharply  curved,  care  must  be  taken  to 
obtain  the  average  velocity  in  a  stretch  of  the  stream,  and  not  merely 
that  in  the  cross  section. 

In  the  preceding  discussion  it  has  been  assumed  that  the  normal 
river  width  above  the  bridge  gradually  changes  to  the  width  between 
the  abutments  in  a  more  or  less  long  stretch.  Frequently  the  abut- 
ments extend  out  at  right  angles  from  the  river  bank.  If  the  amount 
of  this  projection  beyond  the  banks  is  slight,  and  the  abutments  are 
well  rounded  on  the  upstream  comer,  then  formula  81,  in  which  it  is 
assumed  that  backwater  exists  in  the  angle  between  the  bank  and 
the  face  of  the  abutment  and  that  the  water  flowing  along  the  bank  is 
in  this  manner  conducted  to  the  bridge  opening,  may  be  used.  The 
eddies  produced  in  such  a  case  can  be  taken  care  of  by  choosing  a 
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somewhat  smaller  value  of  A;  than  would  be  taken  if  there  were  a  grad- 
ual merging  of  the  bank  into  the  face  of  the  abutment.  If  the  abut- 
ments extend  very  far  into  the  channel,  however,  so  that  the  distance 
between  them  is  considerably  less  than  the  normal  river  width,  then 
the  assumptions  which  were  made  in  the  derivation  of  formula  81  no 
longer  apply;* for  it  must  be  remembered  that  the  deductions  for  the 
non-uniform  movement  of  water  in  open  channels,  and  for  the  deri- 
vation of  equations  79  and  81,  were  based  on  the  assumption  that  the 
deviation  from  uniform  movement  was  slight.  In  such  cases  the  sec- 
tion  at  the  bridge  must  be  considered,  not  as  the  narrowing  of  a  water 
channel  with  uniform  flow,  but  as  the  small  connection  between  two 
broader  water  channels. 

The  velocity  of  the  water  above  the  bridge  may  be  obtained  by 
the  equation 

V  =  — 

A 

in  which  A  is  the  cross  section  of  the  river  channel  above  the  bridge. 

If  the  cross  section  is  rectangular,  then 

* 

Ai  =  B{D  +  H) 

If  the  contraction  is  very  great,  then  the  velocity  of  the  approaching 
water,  V,  is  actually  greater  than  Q/A ;  for  in  this  case  the  water  par- 
ticles moving  near  the  bank  directly  above  the  bridge  do  not  fully 
participate  in  the  flow  and  the  average  velocity  of  the  mass  of  water 
which  presses  towards  the  bridge  opening  is  therefore  somewhat 
greater  than  the  average  velocity  of  the  entire  cross  section.  This 
error  results  in  slightly  increasing  the  calculated  value  of  H,  which 
ordinarily,  when  it  is  desired  that  H  shall  not  exceed  a  fixed  amount, 
is  of  no  moment. 

In  the  case  of  large  rivers,  a  distinction  is  made  between  the  reg- 
ular channel  cross  section  and  that  provided  on  one  or  both  sides  for 
assistance  in  carrying  the  flood  flow.  The  flood  openings,  which  are 
calculated  separately  from  the  stream  openings,  since  their  velocities 
are  smaller  than  the  velocity  in  the  regular  channel,  generally  have 
smaller  net  widths  than  the  stream  openings,  and  hence  the  contrac- 
tion coefficient.  A;,  as  a  rule,  is  smaller.  The  calculation  may  be  illus- 
trated by  an  example. 

Example  2.  A  stream  of  cross  section,  such  as  that  shown  in  fig- 
ure 79,  has,  at  high  water,  a  slope  S  equal  to  0.000111;  the  bed  lies 
at  elevation  —  0.86  meters;  the  overflow  area  on  the  left  side,  70 
meters  wide,  lies  at  elevation  +  6.0  meters;  and  the  overflow  area  on 
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the  right  side,  2000  meters  wide,  lies  at  elevation  +  4.0  meters. 
The  stream  is  to  be  360  meters  wide  at  elevation  +  4.0  and  below 
thisi  on  both  sides,  is  to  have  a  3  to  1  sloped  bank.  On  the  left  side, 
the  bank  from  +  4.0  to  +  6.0  will  be  formed  by  a  vertical  wall. 
During  high  water,  with  elevation  of  surface  at  +7.0  meters,  the  left 
bank  overflow  area  will  be  covered  2  meters  and  the  right  bank  over- 
flow area  3  meters. 


■^c{?o- 


M,ah  V\/ai'^r  *  70^ 


^ 


Alt  dimensions  in  meters. 

FIG.  79.-CROSS  SECTION  OF  FLOOD  CHANNEL  DISCUSSED  IN 

EXAMPLE  2. 

The  discharges  for  the  three  parts  are  to  be  considered  separately: 

1.  The  channel  proper. 

'—- j  X  4.86  +  360  X  3 

—  2755  square  meters. 

The  wetted  perimeter  will  only  be  taken  for  the  portion  where 
the  water  in  the  cross  section  under  consideration  is  bounded  by  a 
solid  perimeter.     It  therefore  amounts  to 

A' 
Pi  =  330.9  +  2  X  15.3  +  1  =  362.5;  hence  fii  =  —  =  7.6  metera. 

Pi 

Referring  to  the  Eutter  formula:  Taking  n  =  0.025,  then  C  »  56.2, 

and 

Vi  =  56.2  V7.6  X  0.000111  =  1.63  meters  per  second 

Oi  =  2755  X  1.63  =  4491  cubic  meters  per  second 

2.  Flood  cross  section  on  left  bank  overflow  area. 

At  =  70  X  2  =  140  square  meters;  Pj  =  70  +  2  =  72  meters 

ft  =  -^  =  1.94  meters 

On  accoimt  of  the  plant  growth  on  the  overflow  area,  the  coef- 
ficient ns  will  be  taken  as  0.30,  and  from  the  table  of  values  of  C,  we 
get  Cs  equals  39.6;  whence 


Vt  =  39.6  V1.94  X  0.000111  =  0.58  meters  per  second 
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Therefore, 

Qi  =  0.58  X  140  =  81  cubic  meters  per  second 

3.  Flood  cross  section  on  right  bank  overflow  area;  this  cross  sec- 
tion is  bounded  on  the  right  by  a  levee. 

At  =  2000  X  3  =  6000  square  meters;  Pt  =  about  2000  meters; 
B»  =  about  3  m.     Taking  nt  =  0.030,  then  Ci  =  42.9. 

Vi  =  42.9  V3  X  O.OOOlll  =  0.78  meters  per  second. 
0»  =  6000  X  0.78  =  4680  cubic  meters  per  second. 

Let  us  assume  that  the  stream  channel  proper  will  be  bridged  with 
a  span  250  meters  long.  Then  b  equals  250  meters,  and  the  contrac- 
tion coefficient  corresponding  to  this  condition  wiU  be  estimated  as 
0.98.  The  sum  of  the  net  widths  of  the  bridge  openings  of  the  left 
flood  cross  section  will  be  taken  as  bt  equals  50  meters;  the  sum  of 
the  net  widths  of  the  bridge  openings  of  the  right  flood  cross  section 
will  be  taken  as  bt  equals  1400  meters;  the  contraction  coefficient  for 
the  flood  openings  on  each  side  will  be  estimated  as  0.9. 

According  to  formula  81,  the  backing-up  effect  of  the  bridge  open- 
ing in  the  channel  proper  will  then  be 

H^  =  0.0666  X  U9V  (o.gy  x  2^  X  7.85*  "  345'(7.85  +  HO' ) 


or 


»'  -  »"  -  ((TslfflO') 


Taking  in  this  equation  Hi  equals  0  in  the  denominator  of  the 
right-hand  member,  we  get  an  approximate  value  of 

Hi  =  0.31  -  0.156  =  0.154  meters 

Using  this  value  in  the  denominator,  we  get  the  corrected  value  Hi 
equals  0.16  meters. 

For  the  left  flood  cross  section  we  find  from  formula  81, 

m  =  0.0566  X  sv  (o.y^^^^  -  ^^^^.) 

and  from  this  Hi  equals  0.03  meters. 

For  the  right  flood  cross  section,  we  find  similarly  that  Ht  equals 
0.05  meters. 

The  backing-up  effect  of  the  bridge,  naturally,  does  not  amount  to 
0.03  meters  in  the  left  flood  section,  0.16  meters  in  the  channel  proper, 
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and  0.05  meters  in  the  right  flood  section,  since  an  equalization  takes 
place  by  cross-currents.  That  the  calculated  results  are  in  accordance 
with  the  facts  will  be  clear,  however,  if  we  write  equation  81  some- 
what differently.  For  the  discharge,  Q,  substitute  the  product  of  the 
average  velocity,  V,  of  the  river  without  backwater,  and  the  corre- 
sponding cross  section,  DB,  We  then  get,  if  we  carry  out  the  multi- 
plication by  D^B^  in  the  parenthesis: 


H  =  0.05667' 


Jfc*6« 

r    1    1 

1" 

\^4 

(84) 


Since  it  was  assumed  that  the  bridge  structure  should  contract 
all  3  parts  of  the  stream  in  the  same  proportion,  B/b  has  approximately 
the  same  value  for  all  3  parts.  The  first  member  in  the  parenthesis 
has,  therefore,  for  the  overflow  area  cross  section,  a  slightly  greater 
value  than  for  the  stream  channel  proper,  owing  to  the  fact  that  k 
has  been  taken  somewhat  smaller  in  the  overflow  cross  section.  The 
second  member  in  the  parenthesis  differs  only  slightly  from  unity  in 
all  3  cases,  since  the  back-up  effect,  JET,  is  small  compared  with  the 
normal  depth,  2>.  Therefore,  the  calculated  values  of  H  for  the  3 
parts  of  the  cross  section  must  be  to  each  other  approximately  as  the 
squares  of  the  average  velocities  in  the  respective  parts. 

If  it  is  desired  to  avoid  cross-currents,  then  the  relation  B/b  in 
the  overflow  cross  section  must  not  be  so  great  as  in  the  channel 
proper.  If,  for  example,  we  apply  equation  84  to  the  right  flood  cross 
section,  and  substitute  for  H  the  value  0.16  found  for  the  channel 
proper,  then  we  get,  since  here  V  equals  0.78  meters,  k  equals  0.9, 
and  H/D  equals  0.16/3, 


0.16  =  0.0566  X  0.78« 


B 


0.9«6« 


1  + 


0.16 


and  from  this  B/b  equals  2.1. 

Therefore,  in  order  to  obtain  the  backing-up  effect,  H  equals  0.16 
meters  in  the  right  flood  cross  section  also,  we  must  make  the  total 
width  in  the  clear  of  the  flood  openings  only  about  half  as  great  as 
the  width  of  the  overflow  area. 

The  calculation  can  also  be  made  by  assuming  a  fixed  backing-up 
effect,  and  then  so  limiting  the  total  width  in  the  clear  of  the  bridge 
openings  in  the  channel  proper  and  in  the  two  side  flood  cross  sec- 
tions, that  the  flood  flow  will  discharge  with  the  assumed  backwater 
effect. 
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PREFATORY  NOTE 


This  volume  is  the  fifth  of  a  series  of  Technical  Reports  issued  in 
connection  with  the  planning  and  execution  of  a  notable  system  of 
flood  protection  works  in  the  Miami  Valley. 

This  valley  which  forms  a  part  of  the  large  interior  plain  of  the 
central  United  States  and  comprises  about  4,000  square  miles  of 
gently  rolling  topography  in  southwestern  Ohio,  is  one  of  the  leading 
industrial  centers  of  the  country.  The  immense  damage  which  it 
sustained  during  the  flood  of  March,  1913,  amounting  to  100  million 
-dollars  of  property  and  over  360  lives,  led  to  an  energetic  movement 
to  prevent  future  disasters  of  this  kind.  This  movement  developed 
gradually  into  a  great  cooperative  enterprise  for  the  protection  of 
the  valley  by  one  comprehensive  project.  The  Miami  Conservancy 
District,  established  in  June,  1915,  under  the  newly  enacted  Con- 
servancy Law  of  Ohio,  became  the  agency  for  securing  this  protection. 
On  account  of  the  size  and  character  of  the  undertaking,  the  plans 
of  the  district  have  been  developed  with  more  than  usual  care. 

A  Report  of  the  Chief  Engineer,  submitting  a  plan  for  the  pro- 
tection of  the  district  from  flood  damage,  was  printed,  March,  1916, 
in  3  volumes  of  about  200  pages  each.  Voliune  I  contains  a  synopsis 
of  the  data  on  which  the  plan  is  based,  a  description  of  its  develop- 
ment, and  a  statement  of  the  plan  in  detail.  Volume  II  contains  a 
legal  description  of  all  lands  affected  by  the  plan.  Volume  III  con- 
tains the  contract  forms,  specifications,  and  estimates  of  quantities 
and  cost. 

After  various  slight  modifications  this  report  of  the  Chief  Engineer 
was  adopted  by  the  Board  of  Directors  as  the  Official  Plan  of  the 
District,  and  was  republished  in  May,  1916. 

In  order  to  plan  the  project  intelligently,  many  thorough  investi- 
gations and  researches  had  to  be  carried  out,  the  results  of  which  have 
proved  of  great  value  to  the  District,  and  which  will  also  be  of  wide- 
spread value  to  the  whole  engineering  profession.  The  object  of 
publishing  this  series  of  Technical  Reports  is  to  make  available  to  the 
residents  of  the  state  and  to  the  technical  world  at  large,  all  data  of 
interest  relating  to  the  history,  investigations,  design  and  construction 
of  the  project. 

The  following  reports,  prepared  by  the  engineering  staff  of  the 
District,  have  been  completed: 
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Part  I.    The  Miami  Valley  and  the  1913  flood. 
Part  II.    History  of  the  Miami  flood  control  project. 
Part  III.    Theory  of  the  hydraulic  jump  and  backwater  curves. 
Experimental  investigation  of  the  hydraulic  jump 
as  a  means  of  dissipating  energy. 
Part  IV.    Calculation  of  flow  in  open  channels. 
Part  V.    Storm  rainfall  of  eastern  United  States. 
The  following  are  in  the  course  of  preparation: 
Rainfall  and  runoff  in  the  Miami  Valley. 
Laws  relating  to  flood  prevention  work. 
Flood  prevention  works  in  other  localities. 
Earth  dams. 

Selection  of  general  type  of  improvement  and  design  of  re- 
tarding basin  system. 
Construction  of  protection  system. 
Contracts  and  specifications. 

ARTHUR  E.  MORGAN, 

Chief  Engineer 
Dayton,  Ohio, 

November  1,  1917. 
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CHAPTER  I.— INTRODUCTION 


ORIGIN  OF  TfflS  INVESTIGATION 

This  report  sets  forth  the  results  of  what  is  probably  the  most 
extended  study  of  storm  rainfall  that  has  ever  been  undertaken. 

When  an  engineering  examination  of  the  Miami  Valley  was  begun, 
immediately  after  the  subsidence  of  the  great  flood  of  March,  1913, 
for  the  purpose  of  determining  the  best  plan  for  preventing  damage  by 
future  floods,  an  investigation  of  rainfall  and  runoff  conditions  was 
one  of  the  first  lines  of  attack.  Although  the  1913  flood  seems  to 
have  been  by  far  the  largest  that  has  occurred  in  this  valley  since  its 
first  occupation  by  white  settlers  a  Uttle  over  100  years  ago,  it  was 
soon  apparent  that  the  records  of  daily  discharge  of  the  Miami  River 
going  back  only  to  1892,  and  the  local  rainfall  records  of  somewhat 
longer  duration,  afforded  but  a  poor  basis  for  the  determination  of  the 
most  probable  size,  frequency,  and  distribution  of  future  floods. 

The  magnitude  of  the  interests  jeopardized  by  floods  justified  the 
use  of  an  elaborate  system  of  protection  works  if  simpler  ones  could 
not  be  devised;  and  the  valley  is  so  densely  populated,  the  areas 
subject  to  flood  damage  so  separated  and  diverse,  and  the  conditions 
affecting  the  development  of  plans  so  numerous  and  compUcated, 
that  only  an  extensive  and  costly  sjrstem  could  adequately  secure 
effective  regulation.  To  meet  this  intricate  situation  it  was  necessary 
to  determine  not  only  the  largest  flood  that  could  ever  possibly  occur, 
but  also,  so  far  as  possible,  the  frequency  of  all  smaller  floods  which 
would  cause  damage. 

In  default  of  more  extensive  hydrological  records  in  the  Miami 
Valley,  it  seemed  necessary  to  study  the  records  of  the  whole  region 
of  the  United  States,  which  is  at  all  similar  in  its  situation  with  respect 
to  rainfall  and  runoff  conditions.  Since  runoff  records  are  so  scant  in 
comparison  with  rainfall  records  in  this  country,  it  became  evident 
that  chief  reliance  had  to  be  placed  upon  the  latter  alone  in  deter- 
mining from  past  experience  what  is  the  most  probable  future  dis- 
tribution of  extreme  flood  conditions. 

In  beginning  this  investigation  it  was  uncertain  what  geographic 
limits  should  be  set  to  obtain  the  largest  amount  of  useful  and  pertinent 
data.  These  limits  at  first  were  assumed  to  include  the  entire  United 
States,  but  during  the  progress  of  the  investigation  it  became  apparent 
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that  rainfall  conditions  in  the  western  part  of  the  country  differ  so 
radically  from  those  in  the  eastern  part,  that  by  limiting  the  area  to 
that  east  of  the  103d  meridian,  running  through  Texas,  Colorado, 
Nebraska,  and  North  and  South  Dakota,  no  applicable  data  would 
be  excluded.  So  much  information  was  compiled  that  will  be  useful 
to  the  engineering  profession  in  general,  that  it  was  considered  best 
to  put  it  into  systematic  order  for  publication  in  permanent  form. 
The  matter  here  presented  has  far  outgrown  in  quantity  and  in  degree 
of  analysis  what  was  contemplated  when  the  investigation  was  begun. 
Although  no  precise  record  has  been  kept  of  the  time  consumed  in 
this  study,  it  is  estimated  that  it  represents  the  equivalent  of  one 
man's  entire  time  for  more  than  ten  years. 

As  now  presented  the  investigation  covers  storm  rainfall  over  the 
whole  of  the  eastern  United  States  as  far  west  as  the  103d  meridian. 
Every  storm  of  consequence  ever  recorded  within  that  area  by  the 
Weather  Bureau,  by  the  Signal  Service,  or  by  any  organization  or 
individual,  the  record  of  which  is  on  file  at  the  Washington  office  of 
the  Weather  Bureau,  has  been  utilized. 

The  work  of  compiling  rainstorm  data  was  begun  in  the  spring  of 
1913,  soon  after  the  Morgan  Engineering  Company  undertook  the 
study  of  the  problem  of  flood  protection  for  the  Miami  Valley.  As 
there  were  nowhere  in  the  State  of  Ohio  complete  rainfall  records  for 
the  whole  coimtry,  after  a  season's  work  at  Dayton  and  Columbus,  a 
party  of  three  computers  was  sent  to  the  Weather  Bureau  at  Washing- 
ton, D.  C,  to  collect  such  data  for  the  entire  period  covered  by  existing 
records  in  the  United  States.  The  data  abstracted  included  every- 
thing recorded  up  to  December  31,  1914.  The  work  at  Washington 
was  begun  on  July  28,  1914,  and  occupied  the  time  of  three  men  until 
March  15,  1915. 

The  major  part  of  the  work  in  Washington  consisted  in  abstracting 
the  excessive  precipitation  data,  from  which  were  prepared  later  the 
tables,  curves,  maps,  and  diagrams  shown  in  this  volume.  A  search 
for  additional  storm  rainfall  data  was  made  in  the  library  of  the 
Weather  Bureau,  the  Library  of  Congress,  the  Washington  Public 
Library,  and  the  Smithsonian  Institution,  and  later  a  similar  search 
of  the  leading  engineering  periodicals  and  engineering  society  publica- 
tions was  made  by  the  Morgan  Engineering  Company  at  Memphis, 
Tennessee. 

After  collecting  so  large  an  array  of  data,  the  best  methods  of 
compiling  and  analyzing  it  had  to  be  made  the  subject  of  careful  study. 
There  was  no  precedent  or  other  helpful  guide  in  this  matter.  While 
the  direction  of  movement  of  storms,  the  tracks  which  they  most 
frequently  follow,  their  origin,  size,  and  other  characteristics  have  all 
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been  the  subject  of  much  study  by  meteorologists,  the  same  amount 
of  attention  has  not  been  given  to  the  duration,  intensity,  and  distri- 
bution of  precipitation  which  form  a  part  of  storm  phenomena.  It  is 
the  latter  elements  which  are,  perhaps,  of  most  interest  to  engineers 
in  general,  and  are  of  vital  importance  in  investigations  pertaining  to 
flood  control.  Previous  studies  for  the  determination  of  the  probable 
maximum  storm,  as  a  basis  for  engineering  design,  have  as  a  rule 
been  liAiited  to  a  consideration  of  the  rainfall  records  at  a  few  local 
stations,  often  without  respect  to  the  size  of  area  covered,  as  for 
instance,  in  the  design  of  sewer  S3rstems.  Arbitrary  empirical  formulas 
are  used  extensively  to  determine  the  runoff  from  restricted  areas,  as 
in  the  design  of  culverts  or  bridges. 

SCOPE  OF  THESE  STUDIES 

Throughout  this  investigation  special  stress  has  been  laid  on  the 
three  primary  factors  which  affect  storms,  namely:  First,  Time,  or 
the  duration  of  the  rain  at  different  points  within  the  storm  area; 
Second,  Area  covered  by  givjBn  depths  of  rainfall;  Third,  Depth,  or 
amount  of  precipitation  and  manner  of  its  distribution.  The  manner 
in  which  these  three  factors  are  related  to  each  other,  the  way  this 
interrelation  varies  with  geographic  location  and  in  different  seasons, 
we  believe  has  never  heretofore  been  comprehensively  investigated. 
One  of  the  principal  objects  of  this  investigation  has  been  to  determine 
the  relation  of  these  stoim  factors  of  time,  area,  and  depth,  for  the 
eastern  United  States,  and  to  present  the  results  in  such  form  as  to 
be  readily  available  to  the  engineering  profession.  This  has  been 
done  by  means  of  many  maps  and  diagrams  in  chapters  YI  to  IX. 

For  the  benefit  of  readers  who  have  not  made  a  special  study  of 
meteorological  matters,  it  has  been  deemed  desirable  to  summarize  in 
brief  form  those  well  established  meteorological  facts  most  important 
to  an  understanding  and  interpretation  of  the  investigations  which 
are  described  in  detail  in  this  report.  Accordingly,  a  chapter  has  been 
devoted  to  meteorology  in  its  relation  to  storms,  from  which  every- 
thing has  been  omitted  which  does  not  bear  directly  upon  the  studies 
described.  This  leaves  only  a  very  Umited  and  partial  view  of  the 
science  of  meteorology  as  a  whole,  but  any  one  interested  in  the  general 
subject  can  pursue  it  further  by  means  of  general  treatises,  a  list  of 
which  is  given  at  the  end  of  chapter  III. 

The  frequency  of  excessive  precipitations  at  individual  stations 
has  been  heretofore  studied  in  a  Umited  way  at  numerous  places  where 
the  results  were  needed  for  use  in  drainage  improvements  or  in  the 
design  of  city  storm  sewers,  but  it  is  believed  that  the  method  ex- 
plained in  chapter  V  for  dealing  with  this  subject  is  more  compre- 
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hensive  and  generally  useful  than  any  that  has  been  proposed  hitherto. 
The  results  are  shown  on  a  series  of  30  charts,  and  should  be  interesting 
and  useful  to  hydrauhc  engineers  over  the  whole  country. 

The  amount  of  runoff  resulting  from  a  given  rainfall  depends  largely 
upon  the  season  of  the  year  in  which  the  storm  occurs.  Furthermore^ 
the  damage  caused  by  high  water  also  varies  greatly  with  the  season. 
For  these  reasons,  after  a  list  of  160  great  storms  in  25  years  had  been 
compiled,  as  explained  in  chapter  VI,  their  geographical  distribution, 
seasonal  distribution,  and  frequency  were  investigated  with  very 
interesting  results,  as  explained  in  chapter  VII. 

The  most  important,  fundamental,  and  laborious  part  of  the 
whole  investigation  was  the  detailed  analysis  of  the  time-area-depth 
relations  of  33  important  storms,  the  aggregate  extent  of  which  reached 
to  nearly  every  part  of  the  eastern  United  States.  This  study  in 
chapter  VIII  greatly  surpasses  in  extent  any  similar  work  that  has 
ever  been  published,  and  the  conclusions  are  applicable  to  every  part 
of  that  region.  Maps  showing  the  location  and  peculiar  character- 
istics of  each  storm,  and  a  series  of  diagrams  enable  ready  comparison 
of  all  the  storms  as  to  duration  in  time,  extent  of  territory  covered, 
and  intensity  of  precipitation.  The  complicated  nature  of  this  study 
developed  so  many  difficulties  in  procedure  that  chapter  IX  is  devoted 
to  an  explanation  in  detail  of  the  methods  tried  and  those  adopted. 
This  will  prove  of  great  assistance  to  any  one  contemplating  further 
similar  work. 

The  much  mooted  subjects  of  cyclic  variation  in  rainfall,  and  of 
possible  permanent  cUmatic  changes,  were  carefully  looked  into. 
It  was  felt  that  such  considerations  had  an  important  bearing  upon 
the  proper  interpretation  of  the  results  from  the  various  studies  made, 
as  well  as  upon  the  flood  control  policy  as  a  whole.  The  danger  of 
being  misled  by  the  conclusions  reached  by  other  investigators, 
together  with  the  wide  divergence  of  opinion  prevailing  among  the 
latter,  prompted  the  Morgan  Engineering  Company  to  undertake  a 
certain  amount  of  independent  investigation.  This  was  aimed  largely 
at  ascertaining  whether  any  cyclic  or  other  variations  might  exist 
which  would  be  likely  to  vitiate  the  conclusions  indicated  by  the 
data.  The  methods  adopted  and  the  results  obtained  are  set  forth 
in  chapter  X.  They  effectually  serve  to  clear  away  all  apprehensions 
on  this  score. 

A  thorough  search  of  foreign  Uterature  was  made  to  find  whether 
similar  studies  had  been  published  by  foreign  writers.  This  search 
demonstrated  that  but  Uttle  investigation  of  precisely  this  character 
had  ever  been  previously  carried  out.  What  pertinent  data  could 
be  found  is  discussed  in  chapter  XI. 
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In  pursuing  the  several  studies  above  enumerated,  it  was  kept 
clearly  in  mind  that  the  primary  object  of  the  entire  investigation 
was  to  reach  safe  and  logical  conclusions  as  to  probable  size  and  fre- 
quency of  floods  in  the  Miami  River.  Extensive  as  was  the  scope  of 
the  investigation,  it  did  not  include  the*  use  of  data  which  did  not 
directly  or  indirectly  bear  on  the  problem.  Thus,  the  absence  of 
any  apparent  relation  between  storm  rainfall  conditions  in  the  western 
and  eastern  halves  of  the  United  States  caused  the  western  rainfall 
data  to  be  left  out  from  consideration.  Snowfall  was  not  taken  up 
because  its  contributing  effect  on  floods  in  the  Miami  Valley  has  been 
found  to  be  negUgible.  The  special  application  of  the  results  of  the 
studies  to  the  situation  in  the  Miami  Valley  is  set  forth  in  the  last 
chapter. 

The  detailed  records  of  excessive  precipitation  which  were  copied 
at  Dayton,  Columbus,  and  Washington,  about  4,300  sheets  in  all, 
are  not  printed  in  this  report,  but  blue-print  copies  can  be  obtained 
from  the  Chief  Engineer  of  The  Miami  Conservancy  District,  at  the 
actual  cost  of  reproduction. 

ACKNOWLEDGMENTS 

Acknowledgments  are  due  to  the  officials  and  staff  of  the  U.  S. 
Weather  Bureau  for  their  cordial  attitude  throughout  this  investiga- 
tion; to  the  staff  of  the  Dayton  Public  Library  for  securing  many 
books  from  other  Ubraries;  to  the  staffs  of  numerous  other  libraries 
whose  facilities  were  used;  and  to  numerous  engineers  for  advice  and 
information. 

The  collection  of  data  was  begun  at  Dayton  by  G.  C.  Cummin 
and  was  continued  in  Washington,  D.  C,  under  the  local  charge  of 
R.  H.  Merkel.  Subsequent  studies  were  begun  by  N.  H.  Sa3rford  and 
were  completed  by  W.  P.  Watson  with  the  assistance  of  K.  B.  Bragg, 
E.  W.  Lane,  and  F.  R.  Roche;  the  illustrations  were  prepared  by 
C.  H.  Shea  and  O.  Froseth;  and  the  examination  of  foreign  Uterature 
was  made  by  K.  C.  Grant.  The  report  was  finally  prepared  for 
pubUcation  under  the  personal  direction  of  S.  M.  Woodward  and 
G.  H.  Matthes.  The  project  was  initiated  and  directed  throughout 
by  A.  E.  Morgan. 


CHAPTER  II.— SUMMARY 


METEOROLOGY  OF  STORMS 

Rainfall  is  controlled  by  the  winds  whose  circulation  is  due  to 
radiant  energy  received  from  the  sun.  This  energy  is  received  in 
greatest  amount  in  the  tropics  and  in  least  amount  at  the  poles.  The 
winds  and  ocean  currents  help  to  distribute  the  energy  over  the  earth's 
surface. 

Air  is  a  mixture  of  permanent  gases  and  a  small  amount  of  water 
vapor.  The  water  vapor  necessary  to  saturate  a  given  space  depends 
upon  its  temperature,  and  increases  rapidly  for  the  higher  tempera- 
tures. Table  1  shows  for  all  temperatures  from  0  to  100  degrees 
fahrenheit,  the  absolute  humidity  of  saturated  air  in  grains  per  cubic 
foot  and  in  inches  per  mile,  the  vapor  pressure  in  pounds  per  square 
inch,  the  weight  of  dry  air  in  pounds  per  cubic  foot  and  the  weight 
of  saturated  air  having  the  same  total  pressure,  and  finally  the  heat 
increment  of  saturated  vapor,  for  5  degree  increases  of  temperature, 
expressed  in  British  thermal  units. 

In  figure  1,  Curve  A  shows  the  variation  of  atmospheric  pressure 
with  altitude.  Curve  B  shows  the  variation  of  observed  average 
temperature  with  altitude.  Curve  C  shows  the  theoretical  variation 
of  temperature  of  dry  air  rising  under  a  condition  of  adiabatic  ex- 
pansion, Curves  D  and  E  show  the  same  changes  for  saturated  air. 

These  curves  show  the  disturbing  forces  introduced  into  the 
atmosphere  by  the  water  vapor.  When  air  at  the  surface  becomes 
well  warmed  and  well  saturated  with  moisture  a  state  of  unstable 
equilibrium  is  reached,  whose  disturbing  effect  upon  the  winds  and 
weather  often  results  in  thundershowers  and  other  forms  of  pre- 
cipitation. The  convection  currents  caused  by  such  unstable  equi- 
librium exert  an  influence  in  all  storms.  However,  other  factors  also 
exert  a  large  influence,  and  no  one  yet  has  been  able  satisfactorily  to 
show  just  what  weight  is  due  to  convection. 

If  air  is  moving  in  a  whirl  the  barometric  pressure  must  be  lowered 
at  the  center.  In  such  a  case  the  barometric  gradient  along  a  radial 
line,  expressed  in  inches  of  mercury  per  100  miles,  is 
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This  shows  that  for  ordinary  conditions  at  the  surface  of  the 
earth,  the  effect  of  circular  motion  upon  the  barometric  pressure  is 
slight.  However,  for  the  extreme  conditions  reached  in  a  tropical 
hurricane  the  effect  becomes  very  marked.  Since  the  wind  velocity 
is  greater  above  than  at  the  earth's  surface,  the  barometric  gradient 
which  just  balances  centrifugal  force  at  one  altitude  cannot  produce 
equilibrium  at  another  altitude.  Hence,  in  the  case  of  a  whirl,  there 
is  alwa3rs  a  creeping  in  of  air  towards  the  center  near  the  earth's 
surface,  and  an  outward  motion  at  higher  altitudes. 

If  the  earth  were  a  frictionless  sphere  not  in  rotation,  a  body 
moving  upon  its  surface  would  pass  entirely  around  it,  traversing  a 
great  circle.  The  relative  velocity  of  the  body  would  be  constant  in 
amount  but  would,  in  general,  be  continually  changing  in  geographical 
direction.  If  this  spherical  earth  be  rotating,  the  path  in  space 
traversed  by  the  moving  body  would  be  the  same  as  before,  but  the 
path  relative  to  the  earth  would  become  a  complicated  curve.  The 
velocity  relative  to  the  earth  would  vary  both  in  amount  and  direction. 
The  elUpticity  of  the  earth  introduces  a  component  of  the  force  of 
gravity  which  acts  towards  the  north  in  the  northern  hemisphere  and 
towards  the  south  in  the  southern  hemisphere.  This  force  changes 
the  motion  of  a  frictionless  body  so  that  its  velocity  relative  to  the 
earth  again  becomes  constant  in  amount,  although  it  still  varies  in 
geographical  direction.  In  the  northern  hemisphere  the  deflection  is 
towards  the  right  and  in  the  southern  hemisphere,  towards  the  left. 
The  radius  of  curvature  is  given  by  the  equation 

p  —  — . —  miles  (7) 
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Interference  between  different  portions  of  the  atmosphere  prevents 
motion  of  all  parts  in  the  paths  just  described.  Such  interference 
requires  the  path  of  any  portion  to  approximate  a  straight  line.  The 
transverse  pressure  necessary  to  change  the  motion  from  its  natural 
curved  path  to  a  straight  Une  relative  to  the  rotating  earth,  is  just 
equal  to  the  pressure  that  would  change  the  motion  on  a  still  earth 
from  a  straight  Une  to  the  curved  path.  The  barometric  gradient  at 
right  angles  to  the  direction  of  motion  necessary  when  the  atmosphere 
moves  in  a  straight  line  is  given  by  the  equation 

TtV  sin  0  nnAxr     '       .  /o\ 
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in  inches  of  mercury  per  100  miles.  In  the  northern  hemisphere  the 
higher  pressure  is  always  to  the  right  of  the  line  of  motion.  With  a 
strong  wind  this  necessary  pressure  difference  is  considerable. 
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The  immediate  cause  of  the  general  wind  circulation  is  the  vari- 
ation in  air  temperature.  The  relatively  high  temperature  prevailing 
in  the  equatorial  regions  maintains  a  continual  circulation  with  the 
temperate  zones,  as  indicated  by  the  trade  winds.  The  same  cause 
produces  a  belt  of  fairly  permanent  high  surface  pressure  in  latitudes 
30  to  35  degrees  each  side  of  the  equator.  In  these  belts  westerly 
winds  prevail,  but  disturbing  factors  lead  to  local  horizontal  wind 
movements  thus  producing  fluctuations  in  weather  conditions. 

A  storm  is  a  widespread  movement  of  the  air  accompanied  by 
precipitation.  The  normal  annual  rainfall  over  eastern  United 
States  varies  between  wide  limits.  It  tends  to  decrease  with  the 
latitude,  with  the  distance  from  the  Gulf  of  Mexico  and  Atlantic 
Ocean,  but  to  increase  with  the  altitude.  Storms  are  classified  as 
cyclones.  West  Indian  hurricanes,  and  thunderstorms.  A  cyclone  is 
an  atmospheric  disturbance  several  hundred  miles  in  diameter  which 
passes  across  the  coimtry  from  west  to  east  and  is  accompanied  by  a 
characteristic  distribution  of  air  pressures  and  precipitation.  Around 
the  accompanying  low  pressure  area  the  air  circulation  is  counter- 
clockwise. This  circulation  produces  precipitation  and  definite 
characteristic  changes  of  temperature.  The  precipitation  occurs 
chiefly  to  the  southeast  of  the  low  area.  Cyclones  are  much  more 
frequent,  definite,  and  energetic  in  winter  than  in  summer,  with  the 
result  that  the  temperature  changes  are  more  violent  and  frequent 
in  the  winter.  However,  the  precipitation  is  much  greater  in  sunmier 
on  account  of  the  greater  capacity  of  the  air  for  transporting  water 
vapor  at  the  higher  temperatures. 

The  average  hourly  movement  of  cyclonic  centers  varies  from 
less  than  20  miles  in  summer  to  over  40  miles  in  winter. .  Although 
the  precipitation  areas  move  at  about  the  same  rate,  their  movement 
seems  much  more  erratic. 

The  West  Indian  hurricane  originates  in  the  tropics  and  moves 
northward.  It  is  accompanied  by  extremely  violent  winds  and 
torrential  rains.  Upon  reaching  a  land  area  it  soon  takes  on  the 
general  characteristics  of  an  extratropical  cyclone.  These  hurricanes 
are  most  likely  to  occur  in  late  sununer.  In  the  United  States  they 
affect  only  the  Gulf  and  south  Atlantic  states.  They  are  i^latively 
infrequent, — on  the  average  only  10  a  year  as  compared  with  120 
cyclonic  disturbances. 

Thunderstorms  are  brief  storms  of  relatively  small  area  in  which 
the  precipitation  is  produced  by  vertical  convection  currents.  These 
storms  usually  travel  from  west  to  east  at  an  average  rate  of  30  or  40 
miles  an  hour. 

Means  for  pursuing  the  subject  of  meteorology  farther  is  provided 
in  a  selected  list  of  twenty  books  on  this  subject. 
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SOURCES  OF  DATA  AND  METHODS  OF  COMPILATION 

Early  fragmentary  weather  records  were  kept  by  private  individ- 
uals, United  States  Army  sm-geons,  officers  of  the  General  Land 
Office,  and  educational  institutions;  but  the  first  comprehensive 
system  using  uniform  methods  to  cover  the  country  as  a  whole  was 
organized  under  the  Smithsonian  Institution  about  1848.  Many  of 
the  instruments  and  records  of  this  service  were  destroyed  by  fire  in 
1865. 

In  1870  Congress  placed  the  work  under  the  direction  of  the 
Chief  Signal  Officer  of  the  United  States  Army.  In  1890  the  work 
was  reorganized  as  the  Weather  Bureau  under  the  U.  S.  Department 
of  Agriculture. 

At  present  there  are  about  200  regular  Weather  Bureau  stations, 
with  paid  observers,  and  a  complete  equipment  of  standard  instru- 
ments. This  service  is  supplemented  by  about  4500  cooperative 
stations  operated  by  voluntary  observers  using  instruments  supplied 
by  the  Weather  Bureau.  There  is  also  a  relatively  small  number  of 
river  stations,  cotton  stations,  corn  and  wheat  stations  where  observa- 
tions are  made  for  the  Weather  Bureau.  A  list  of  all  the  various 
kinds  of  rainfall  records  now  in  the  possession  of  the  Weather  Bureau 
is  given  in  chapter  IV. 

All  existing  records  down  to  Dec.  31,  1914,  were  copied  for  all 
storms  exceeding  a  certain  intensity.  A  storm  period  is  defined  as 
that  length  of  time  in  which  the  average  precipitation  does  not  fall 
below  1  inch  per  24  hours. 

For  each  station  where  the  normal  annual  precipitation  is  more 
than  20  inches,  the  records  were  abstracted  of  all  storm  periods  having 
a  1-day  rainfall  amounting  to  10  per  cent  or  more  of  the  normal 
annual  precipitation,  or  having  a  total  rainfall  amounting  to  15  per 
cent  of  the  normal  annual  precipitation.  Where  the  normal  annual 
precipitation  is  less  than  20  inches,  the  records  were  abstracted  of  all 
storm  periods  in  which  there  was  a  total  rainfall  of  4  inches.  Only 
stations  having  a  complete  record  for  5  consecutive  years  were  included. 

Specially  prepared  blanks  were  used  for  abstracting  the  storm 
data,  one  sheet  for  each  station.  On  these  sheets  the  maximum 
accumulated  precipitation  for  2-day  and  longer  intervals  was  also 
entered.  Sheets  were  made  out  for  4316  stations,  of  which  1262  are 
west  of  and  3054  east  of  the  103d  meridian.  The  subsequent  study 
relates  solely  to  the  stations  east  of  the  103d  meridian. 

For  indexing  the  data  the  United  States  is  divided  into  2-degree 
quadrangles.  Rows  running  north  and  south  are  numbered  con- 
secutively from  east  to  west,  and  rows  running  east  and  west  are 
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lettered  consecutively  from  north  to  south.  Hence  each  quadrangle 
is  identified  by  a  coordinate  number  and  letter.  After  plotting  all  the 
rainfall  stations  on  a  large  scale  map,  by  quadrangles,  each  station 
was  assigned  a  lower  case  letter,  in  order,  beginning  in  the  northeast 
comer  and  proceeding  towards  the  southwest  corner  of  the  quadrangle. 
The  records  are  assembled,  first  by  quadrangles,  and  second  with 
index  letters  in  alphabetical  order  so  as  to  bring  records  together  of 
stations  near  each  other.  - 

Neglecting  fractional  quadrangles,  the  number  of  stations  whose 
records  have  been  used  varies  from  75  for  each  of  two  quadrangles  in 
the  northeastern  part  of  the  country,  to  5  and  6  stations  per  quadrangle 
along  the  103d  meridian.  The  average  number  of  stations  per  quad- 
rangle is  25.  In  general,  the  number  of  station  records  available  is 
proportional  to  the  density  of  population.  The  duration  of  records 
for  diJBferent  stations  and  quadrangles  also  shows  great  variations  as 
indicated  on  figures  8  to  12. 

The  records  for  each  separate  storm  were  next  brought  together 
on  one  card.  These  cards  show  records  of  2641  storms  east  of  the 
103d  meridian,  occurring  in  the  years  1870  to  1914.  Of  these  1236, 
nearly  60  per  cent,  were  recorded  at  but  one  station;  996  storms, 
over  35  per  cent,  were  recorded  at  more  than  1  but  less  than  6  stations; 
while  409,  about  15  per  cent,  were  recorded  at  more  than  6  stations. 
The  number  recorded  in  each  of  these  three  classes  in  each  year  is 
shown  in  table  2. 

FREQUENCY  OF  EXCESSIVE  PRECIPITATION 

The  frequency  of  a  phenomenon,  as  the  term  is  used  in  this  dis- 
cussion, signifies  the  average  length  of  the  period,  in  years,  during 
which  the  phenomenon  has  happened  once.  In  determining  the 
frequency  of  excessive  precipitation,  each  quadrangle  is  treated  as  a 
unit,  by  averaging  the  records  at  all  the  stations  within  the  quadrangle, 
giving  to  each  station  record  a  weight  equal  to  the  number  of  years  of 
its  record.  Thus  the  records  at  all  the  stations  are  combined  and 
treated  in  some  respects  as  equivalent  to  a  record  at  a  single  station 
extending  over  a  period  as  long  as  the  aggregate  of  all  the  years  of 
record  at  the  separate  stations. 

The  pluvial  index  for  any  quadrangle  is  defiined  as  the  depth  of 
rainfall  which  probably  will  be  equaled  or  exceeded  at  any  point  in 
the  quadrangle  once  in  a  given  number  of  years.  By  the  process  of 
averaging  described  above,  the  pluvial  indices  for  each  quadrangle  for 
precipitation  lasting  1  day,  2  days,  3  days,  4  days,  5  days,  and  6  days 
has  been  computed  for  periods  of  100  years,  50  years,  25  years,  and 
15  years.    These  values  are  shown  on  a  series  of  24  maps,  figures  13 
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to  36.  On  these  maps  also  are  drawn  isopluvial  lines  for  successive 
1-inch  depths  of  rainfall.  These  lines  show  that  the  isopluvial  index 
decreases  very  markedly  with  increase  of  latitude  and  with  distance 
from  the  ocean,  and  that  it  usually  decreases  with  altitude. 

Since  the  rainfall  records  available  for  study  are  still  scanty  in 
some  parts  of  the  country,  it  is  to  be  expected  that  when  longer 
records  become  available,  the  values  of  the  pluvial  index  shown  on 
the  map  will  be  subject  to  some  modification.  Figure  37  is  a  map 
showing  the  aggregate  years  of  record  in  each  of  the  133  quadrangles 
as  used  in  computing  the  various  pluvial  indices. 

The  isopluvial  charts  furnish  a  convenient  means  of  determining 
the  pluvial  index  for  any  locality  within  the  eastern  United  States, 
by  properly  interpolating  between  the  isopluvial  lines.  For  any 
particular  area  it  is  also  convenient  to  construct  frequency  curves, 
such  as  are  illustrated  in  the  4  figures,  44  to  47.  These  are  based  on 
the  isopluvial  maps  and  show  a  curve  for  each  period  of  precipitation 
from  1  day  to  6,  for  all  frequencies.  These  curves  become  nearly 
horizontal  at  a  frequency  of  100  years,  indicating  that  the  maximum 
depths  of  rainfall  already  recorded  will  probably  not  be  greatly 
exceeded  in  the  future. 

SELECTING  AND  SIZING  160  GREAT  STORMS 

Preceding  the  year  1892,  the  nimiber  of  rainfall  observing  stations 
was  too  few  to  furnish  sufficient  records  to  determine  with  precision 
the  areas  covered  by  all  important  storms.  Since  that  date  the 
rainfall  stations  have  been  relatively  more  numerous,  constant,  and 
imiformly  distributed.  Hence  for  the  purpose  of  stud3dng  seasonal 
and  geographical  distribution,  frequency,  and  cyclic  variation  of  large 
storms,  the  25-year  period,  1892-1916,  was  adopted. 

In  this  study  all  storms  were  included  that  had  not  less  than  five 
3-day  precipitation  records  equaling  or  exceeding  6  inches.  Records 
of  160  such  storms  were  found.  They  were  divided  into  two  groups, 
47  northern  storms  and  113  southern  storms,  and  are  listed  chrono- 
logically in  tables  4  and  5,  together  with  3  other  important  previously 
occurring  storms. 

After  comparing  the  storms  graphically  in  various  ways,  the  most 

satisfactory  simple  basis  of  comparison  was  found  to  be  the  amount 

of  the  fifth  highest  3-day  precipitation  record.    Figure  48  shows  the 

storms  arranged  in  order  of  size  according  to  this  basis,  and  also  shows 

,  the  value  of  the  highest,  tenth  highest,  and  twentieth  highest  record 

9  for  each  storm. 
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GEOGRAPHICAL    LOCATION,     SEASONAL    DISTRIBUTION, 
AND  FREQUENCY  OF  160  GREAT  STORMS 

Figure  49  has  a  horizontal  time  axis  to  represent  the  length  of  a 
calendar  year.  The  diagram  is  divided  into  12  strips  to  represent 
the  calendar  months.  In  the  appropriate  place  to  correspond  with 
its  date;  each  of  the  160  storms  is  platted  as  a  vertical  line  whose  ends 
show  the  highest  rainfall  record  and  the  twentieth  highest  record. 
Thus  figure  49  shows  at  a  glance  the  season  of  occurrence  of  each  of 
the  great  storms,  and  indicates  that  the  best  division  of  the  year  for 
the  purpose  of  studying  storm  types  is  into  quarters  beginning  with 
November. 

To  show  geographical  distribution  the  6-inch  isohyetal  for  the 
maximum  3-day  period  of  each  storm  was  mapped.  For  this  purpose 
all  the  storms  are  shown  on  8  maps,  figures  50  to  57,  4  maps  being  used 
for  the  northern  storms  and  4  for  the  southern.  On  one  map  are 
gathered  all  the  storms  occurring  in  a  single  quarter  of  the  year. 
These  maps  show  marked  variations  in  storm  types  with  reference  to 
location  and  season. 

During  the  first  quarter,  November  to  January,  all  of  the  21 
storms  shown  occurred  in  the  lower  Missouri  and  Mississippi  ValleyB 
except  2  unimportant  storms  in  Florida. 

During  the  second  quarter,  February  to  April,  only  2  storms 
occurred  in  the  northern  group.  One  of  these  was  the  great  storm  of 
March,  1913;  the  other  was  relatively  unimportant.  During  this 
quarter  25  storms  occurred  in  the  south,  all  of  them  interior  storms. 

During  the  third  quarter.  May  to  July,  the  northern  group  con- 
tains numerous  thunderstorms  lying  chiefly  in  the  Mississippi  and 
Missouri  River  valleys.  This  is  the  season  of  numerous  and  the 
most  intense  southern  storms,  32  being  shown  for  this  quarter. 

During  the  fourth  quarter  the  greatest  number  of  both  northern 
and  southern  storms  occur,  some  of  which  are  among  the  largest 
recorded.  For  this  quarter  24  northern  and  41  southern  storms  are 
shown. 

Both  in  location  and  in  other  characteristics  storms  of  the  first 
two  quarters  show  close  similarity;  Ukewise  those  of  the  third  and 
fourth  quarters. 

Of  the  winter  storms,  on  the  average,  one  occurs  in  the  upper 
Mississippi  Valley  every  three  years,  and  one  or  two  every  year  in  the 
southern  states.  Of  the  summer  storms,  on  the  average,  one  occurs 
every  two  years  on  the  north  Atlantic  coast,  one  every  year  west  of 
the  Mississippi  north  of  Arkansas,  and  three  every  year  in  the  lower 
Mississippi  Valley  and  along  the  Gulf  and  south  Atlantic  coasts. 
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The  summer  storms  are  normally  short  and  violent;  of  the  thunder- 
storm type,  although  occasionally  a  southern  storm  is  both  violent 
and  long  continued.  The  winter  storms  are  normally  of  long  dura- 
tion with  correspondingly  reduced  rates  of  precipitation. 

DESCRIPTIONS   AND    TIME-AREA-DEPTH   RELATIONS    OF 

THE  33  MOST  IMPORTANT  STORMS 

The  relation  between  area  covered  and  average  depth  of  rainfall 
in  respective  periods  of  1,  2,  3,  4,  and  5  days  was  studied  in  detail 
for  33  of  the  largest  and  most  important  storms  recorded  in  the 
United  States  east  of  the  103d  meridian. 

The  following  procedure  was  followed  for  each  storm: 

First,  the  rainfall  data  was  assembled. 

Second,  the  dates  of  greatest  1-day  rainfall,  greatest  2-day  rainfall, 
and  so  on  were  determined. 

Third,  the  rainfall  figmres  were  platted  on  a  large  scale  map. 

Fourth,  the  isohyetals  were  drawn. 

Fifth,  the  areas  within  the  isohyetals  were  measured. 

Sixth,  the  average  depth  within  each  isohyetal  was  computed. 

Seventh,  on  coordinate  paper  the  time-area-depth  ciu^es  were 
drawn,  using  as  coordinates  the  area  in  square  miles  and  the  average 
depth  of  rainfall  over  the  corresponding  area. 

The  33  storms  included  15  from  the  northern  group  and  15  from 
the  southern  group,  all  of  which  occurred  in  the  25-year  interval, 
1891-1916,  and  also  the  3  greatest  storms  during  the  preceding  49 
years. 

The  3  early  storms  are  the  only  ones  of  that  period  for  which  satis- 
factorily complete  data  now  exists,  but  this  data  indicates  that  these 
storms  were  of  very  unusual  magnitude,  and  that  they  were  probably 
among  the  largest  during  the  49-year  period. 

The  storms  selected  from  the  25-year  period,  1892-1916,  include  all 
the  greatest  storms  in  both  northern  aifd  southern  groups,  and  such 
additional  great  storms  as  were  required  to  give  a  satisfactory  geo- 
graphical distribution  over  the  whole  country. 

Each  storm  is  represented  by  its  even  numbered  isohyetals  on  a 
map  for  each  of  the  periods  considered,  figures  58  to  93.  These  maps 
are  accompanied  by  brief  notes  and  descriptions  calling  attention  to 
the  most  striking  features  of  each  storm. 

The  time-area-depth  curves  for  the  northern  storms  mapped  are 
shown  for  1-  to  5-day  periods  on  figures  94  to  98,  those  for  the  southern 
storms  on  figures  99  to  103.  These  curves  show  that  almost  invariably 
more  than  half  of  the  total  storm  rainfall  occurs  on  the  maximum 
day.    Among  the  northern  group  there  is  but  relatively  little  difference 
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between  the  largest  storms.  In  the  southern  group,  with  much 
larger  absolute  values  of  the  greatest  precipitation,  there  also  appear 
more  erratic  divergences  between  different  storms. 

From  these  curves  the  average  depth  of  precipitation  over  any 
given  size  of  area,  at  the  storm  center,  may  be  read  for  any  of  the 
storms  for  comparison  with  a  similar  area  under  consideration  else- 
where. Tables  6  and  7  give  the  values  read  from  the  curves  for  areas 
of  1,  500,  1000,  2000,  4000,  and  6000  square  miles  for  each  of  the 
storms  during  the  maximum  consecutive  periods  of  1  to  5  days. 

MAPPING   AND   PREPARING   TIME-AREA-DEPTH   CURVES 
FOR  THE  33  MOST  IMPORTANT  STORMS 

In  the  process  of  mapping  the  storms  and  obtaining  the  data  for 
the  time-area-depth  curves  many  difficulties  were  encountered  which 
could  not  have  been  foreseen  before  undertaking  the  work.  To 
determine  the  best  procedure  numerous  experiments  were  tried.  The 
various  experimental  methods  are  described  in  detail,  and  the  reasons 
for  adopting  the  methods  finally  chosen  are  fully  discussed  for  the 
benefit  of  other  investigators. 

All  the  rainfall  records  for  each  storm  were  compiled  on  special 
sheets,  from  which  the  maximum  1-day  period,  the  maximum  2-day 
period,  and  so  on  for  the  period  of  the  storm,  were  determined.  The 
rainfall  was  plotted  on  a  large  scale  outline  map  and  the  1-inch  iso- 
hyetals  drawn.  To  minimize  the  errors  due  to  arbitrary  location  of 
observing  stations,  inaccuracy  of  printed  records,  arbitrary  division 
of  time  between  da3rs,  and  variations  in  time  of  observations,  four 
different  ways  of  plotting  the  data  were  tried  and  the  simplest  method 
was  adopted  for  use. 

From  each  map,  after  considerable  labor  in  measuring  and  com- 
putation, a  time-area-depth  curve  was  prepared.  All  the  data  from 
which  these  curves  are  plotted  is  given  in  the  appendix.  The  impor- 
tant operations  were  all  checked  to  insure  accuracy.  In  some  cases 
these  curves  contain  angles  and  breaks  due  to  distribution  of  separate 
storm  peaks  and  occurrence  of  different  peaks  on  different  days. 

VARIATION  IN  MEAN  ANNUAL  RAINFALL  OVER  EASTERN 

UNITED  STATES 

For  each  month  and  year  of  the  29-year  period,  1888-1916,  the 
average  rainfall  over  the  eastern  United  States  was  computed  and  is 
shown  in  figure  107.  The  exact  area  used  included  North  and  South 
Dakota,  Nebraska,  Kansas,  Oklahoma,  and  Texas,  and  all  states  east 
of  these.  The  mean  annual  rainfall  for  the  whole  29-year  period  was 
36.85  inches.  The  amount  of  variation  from  this  value  for  any  year 
may  be  read  from  the  figure. 
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A  similar  study  was  made  for  the  smaller  area  included  within  the 
states  of  Illinois,  Indiana,  Ohio,  Kentucky,  and  West  Virginia.  In 
this  case  the  extreme  variations  from  the  average  are  considerably 
greater  than  those  for  the  larger  area;  and  in  about  one  fourth  of 
the  years  the  annual  variation  is  in  the  opposite  direction  from  what 
it.  is  for  the  greater  area.  This  shows  that  any  deductions  as  to  the 
cyclic  nature  of  rainfall,  based  upon  records  at  but  few  stations,  must 
be  very  cautiously  drawn. 

A  comparison  of  the  mean  annual  rainfall  over  the  eastern  United 
States  with  table  2,  page  77,  giving  the  number  of  records  of  excessive 
precipitation  in  each  year,  and  with  table  10,  page  238,  giving  the 
number  of  great  storms  in  each  year,  shows  that  the  variations  in 
total  annual  rainfall  depend  chiefly  upon  the  occurrence  of  great 
storms. 

EUROPEAN  STORM  RAINFALL 

Search  of  foreign  literature  revealed  no  comprehensive  studies  of 
storm  rainfall  in  Europe,  although  records  of  rainfall  and  floods  are 
available  in  profusion.  In  Germany,  omitting  from  consideration  the 
extremely  mountainous  portion,  the  annual  rainfall  seems  to  be  less 
than  over  most  of  the  eastern  United  States.  Furthermore,  at  any 
single  station  the  rainfall  is  subject  to  less  variation  than  in  this 
country,  and  heavy  daily  rainfalls  are  not  so  extreme.  The  absolute 
maximum  24-hour  rainfall  ever  recorded  in  a  given  month  varies 
between  65  and  80  per  cent  of  the  mean  rainfall  for  that  month. 
Similarly,  the  greatest  single  day's  rainfall  in  a  year  is  on  the  average 
1.3  inches  for  a  station  whose  mean  annual  rainfall  is  20  inches;  1.5 
inches  where  the  mean  annual  rainfall  is  30  inches;  and  1.7  inches 
where  the  mean  annual  is  40  inches. 

Extreme  values  of  24-hour  rainfall  have  reached  nearly  10  inches 
at  mountain  stations,  but  in  the  level  country  have  rarely  exceeded 
6  inches.  In  the  drier  regions  the  highest  maxima  amount  to  about 
20  or  30  per  cent  of  the  mean  annual;  but  in  the  moister  regions  are 
between  15  and  20  per  cent. 

The  upper  branches  of  the  Elbe  rise  in  the  mountains  of  northern 
Austria.  Maximum  rates  of  runoff  recorded  have  been  14.7  second 
feet  per  square  mile  from  10,850  square  miles,  and  10.0  second  feet 
per  square  mile  from  19,730  square  miles. 

The  upper  tributaries  of  the  Oder  River  in  southeastern  Germany 
are  subject  to  destructive  floods.  In  the  lowlands  below  the  mountain 
tributaries  the  rainfall  is  small,  and  out  of  a  dozen  stations  with  records 
covering  30  to  40  years,  all  having  mean  annual  rainfalls  less  than  30 
inches,  there  is  but  one  record  of  a  24-hour  rainfall  exceeding  4  inches. 
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On  the  mountain  tributaries,  however,  destructive  summer  floods 
occurred  in  August,  1888,  June,  1894,  and  July,  1897,  during  which 
the  maximum  24-hour  rainfall  records  obtained  were,  respectively, 
5.64,  4.37,  and  6.61  inches.  The  maximum  measured  rate  of  runoff 
was  109  second  feet  per  square  mile  from  an  area  of  389  square  miles, 
and  85  second  feet  per  square  mile  from  an  area  of  793  square  miles. 

Flood  records  on  the  Danube  at  Vienna  extend  back  to  the  year 
1000.  The  greatest  flood  was  in  1501,  with  a  discharge  of  12.6  second 
feet  per  square  mile  from  the  drainage  area  of  39,400  square  miles 
above  Vienna.  The  second  greatest  was  in  1787  with  a  discharge  of 
10.6  second  feet  per  square  mile.  The  third  greatest  in  1899  had  a 
maximum  discharge  of  9.5  second  feet  per  square  mile. 

Flood  records  on  the  Seine  at  Paris  have  been  kept  for  several 
centuries.  All  the  largest  floods  have  occurred  during  the  winter 
months  and  have  followed  periods  of  long  continued  rains  sometimes 
lasting  a  month.  The  maximum  definitely  recorded  flood  occurred  in 
1658.  The  next  greatest  was  in  1910,  with  a  maximum  rate  of  runoff 
of  5.26  second  feet  per  square  mile  for  a  drainage  area  of  nearly  17,000 
square  miles.  Preceding  the  latter  flood  the  maximum  24-hour  rain- 
fall at  three  stations  was  2.6,  3.0,  and  3.1  inches,  respectively.  The 
corresponding  maximum  4-day  rainfalls  were  6.1,  7.5,  and  7.8  inches, 
but  the  average  over  the  whole  drainage  area  was  much  less. 

The  upper  Loire  in  France  is  subject  to  considerable  floods  following 
heavy  storms.  On  October  8-9,  1878,  the  rainfall  over  a  considerable 
area  averaged  7.88  inches.  On  September  24-25,  1866,  it  likewise 
averaged  5.5  inches. 

The  Garonne  in  southern  France  receives  the  drainage  from  con- 
siderable areas  of  mountainous  country,  and  is  subject  to  heavy  floods. 
Some  of  the  largest  rainfall  records  in  September,  1875,  at  single 
stations  are:  31.2  inches  in  1  day;  15.7  inches  in  1  day;  22.8  inches 
in  5  dayB;  12.6  inches  in  5  days. 

The  Durance  in  southeastern  France  drains  a  portion  of  the  Alps 
and  is  the  most  torrential  of  the  great  French  rivers.  During  the 
greatest  flood,  in  1886,  the  maximum  rate  of  runoff  was  57  second 
feet  per  square  mile  from  an  area  of  4150  square  miles. 

Floods  in  the  Tiber  at  Rome  have  been  recorded  antedating  the 
Christian  era.  The  greatest  on  record  occurred  in  1598,  with  a  maxi- 
mum rate  of  discharge  of  16.4  second  feet  per  square  mile  from  an 
area  of  6455  square  miles.  In  1870  occurred  a  flood  but  little  lower, 
which  inundated  about  half  the  inhabitated  area  of  the  city. 

For  additional  data  regarding  maximum  rates  of  flood  runoff  see 
Vol.  I,  page  76,  of  the  Official  Plan  of  The  Miami  Conservancy  District. 

The  records  of  storm  rainfall  in  Europe  which  were  consulted  in- 
dicate that  the  range  of  intensities  there  is  not  materially  different 
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from  that  found  in  the  eastern  United  States.  The  scope  of  available 
European  data  is  not  comprehensive  enough,  however,  to  warrant 
drawing  final  conclusions  on  this  subject. 

APPLICATION  TO   MIAMI  VALLEY  OF  STUDY  OF  GREAT 

STORMS 

The  determination  of  the  maximmn  possible  flood  in  the  Miami 
Valley  depended  upon  topographic  conditions,  geographic  location, 
and  past  records  of  great  storms  in  the  same  section  of  the  country. 
The  1913  flood  was  the  greatest  during  the  100-year  record  for  the 
Miami  River.  From  a  thorough  consideration  of  the  above  factors 
the  official  plan  for  flood  protection  was  based  on  a  hypothetical  storm 
great  enough  to  cause  a  maximum  flood  runoff  nearly  40  per  cent 
greater  than  that  of  the  storm  of  March  23-27,  1913. 

Although  heavy  storms  frequently  move  from  west  to  east  up  the 
Ohio  Valley,  the  latitude  of  the  Miami  Valley  and  its  distance  from 
the  Gulf  of  Mexico  and  the  Atlantic  Ocean  preclude  the  possibility 
of  a  maximum  rainfall  nearly  as  great  as  occurs  in  the  southern  states. 

Of  the  33  most  important  storms  given  detailed  study  in  chapters 
V  to  VIII,  12  occurred  in  the  northern  Mississippi  Valley.  Table  11 
shows  the  date  of  each,  the  location,  and  the  amount  of  the  most 
intense  rainfall  as  compared  with  the  storm  of  March  23-27,  1913. 

The  few  cases  in  which  any  of  these  storms  exceeded  materially 
the  storm  of  March,  1913,  occurred  during  the  summer  months  when 
the  runoff  is  a  much  smaller  fraction  of  the  rainfall  than  in  March. 
Furthermore,  most  of  these  heaviest  storms  occurred  farther  to  the 
south.  In  the  storm  evidence  of  the  last  75  years,  there  is  no  indica- 
tion that  the  rainfall  of  March,  1913,  will  ever  be  greatly  exceeded  in 
the  region  of  the  Miami  Valley. 

From  the  records  of  floods  in  the  Danube  at  Vienna  covering  900 
years,  in  the  Seine  at  Paris  covering  300  years,  and  in  the  Tiber  at 
Rome  covering  1500  years,  it  appears  that  the  greatest  flood  of  1000 
years  is  not  much  in  excess  of  the  greatest  in  100  years. 

After  making  the  extensive  investigation  of  storms  in  the  eastern 
United  States,  it  is  believed  that  the  March,  1913,  flood  is  one  of  the 
great  floods  of  centuries  in  the  Miami  Valley.  In  the  course  of  three 
or  four  hundred  years,  however,  a  flood  15  or  20  per  cent  greater  may 
occur.  To  cover  our  ignorance  and  uncertainty  on  this  point,  and  to 
insure  that  the  engineering  works  shall  be  absolutely  safe  in  every 
respect,  in  planning  the  flood  protection  works  provision  is  made  for  a 
maximum  flood  nearly  40  per  cent  greater  than  that  of  March,  1913. 
This  is  15  or  20  per  cent  in  excess  of  what  is  believed  to  be  the  greatest 
possible  flood  that  will  ever  occur. 


CHAPTER  III.— METEOROLOGY  OF  STORMS 


SOURCE  OF  ENERGY  OF  WIND  CIRCULATION 

The  amount  and  distribution  of  the  rainfall  over  the  surface  of 
the  earth  are  controlled  almost  entirely  by  the  circulation  of  the 
earth's  atmosphere,  commonly  called  the  winds.  The  source  of  energy 
which  maintains  this  circulation  is  the  radiant  energy  received  from 
the  Sim.  This  energy  strikes  that  portion  of  the  earth  turned  toward 
the  sun  in  a  nearly  constant  stream.  To  compensate  for  this  reception 
of  energy  there  is  a  continual  loss  by  radiation  into  space  from  all 
portions  of  the  earth's  surface.  The  amount  received  and  the  amount 
lost  seem  in  the  long  run  to  be  practically  equal,  so  that  as  a  whole 
the  earth  is  neither  a  gainer  nor  a  loser  in  the  transaction. 

The  amount  of  insolation,  that  is,  energy  of  the  sun's  rays,  received 
on  a  given  day  by  any  part  of  the  earth  depends  upon  its  position. 
The  amount  is  greatest  near  the  equator  and  least  near  the  poles. 
At  any  instant  the  intensity  o(  the  insolation  depends  upon  the 
obliquity  of  the  sun's  rays  striking  the  portion  of  the  earth  under 
consideration.  The  amount  of  insolation  striking  the  earth  at  every 
instant  is  equal  to  the  amount  that  would  fall  upon  a  plane  within  a 
circle  whose  circumference  is  equal  to  a  great  circle  of  the  earth. 
Since  the  surface  of  the  whole  earth  is  equivalent  to  the  area  of  four 
great  circles,  it  follows  that  at  a  point  where  the  sun  is  directly  over- 
head, so  that  the  rays  are  striking  the  earth  perpendicularly,  the 
radiant  energy  is  being  received  at  a  rate  just  four  times  the  average 
rate  for  all  points  on  the  earth's  surface. 

The  daily  rotation  of  the  earth  and  its  annual  revolution  around 
the  sun  produce  a  continual  change  in  the  amount  of  insolation 
received  at  any  given  point,  but  the  total  during  a  year  is  much 
greater  in  equatorial  regions  than  near  the  poles.  The  amount  of 
energy  lost  from  the  earth  by  radiation,  although  also  a  variable 
quantity  for  different  locations,  is  more  nearly  constant  than  the  total 
amount  received.  This  becomes  possible  only  through  the  transfer 
of  energy  from  equatorial  to  polar  regions  by  means  of  the  winds, 
assisted  by  the  ocean  currents. 

The  numerous  factors  affecting  in  detail  the  variation  in  the 
reception  and  emission  of  radiant  energy  afford  an  extensive  field  for 
research,  but  are  of  little  interest  here.    Suffice  it  to  say  that  the 
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winds  act  as  an  agency  which  automatically  tends. to  even  up  over  the 
whole  earth  the  supply  of  radiant  energy. 

The  general  mechanism  of  the  winds  for  the  whole  earth  has  been 
much  studied  and  has  been  fairly  well  determined.  When  it  comes, 
however,  to  a  consideration  of  the  innumerable  details  in  wind  circu- 
lation, the  problems  encountered  become  exceedingly  complex,  and 
in  many  respects  have  not  yet  been  solved.  Voluminous  treatises 
have  been  written  on  this  subject.  During  recent  years  several 
reliable,  brief,  elementary  treatises  have  been  published  dealing  with 
the  meteorology  of  the  whole  earth  in  general  and  with  conditions  in 
the  United  States  in  greater  detail.  Many  special  studies  also  have 
been  issued  by  the  Weather  Bureau  and  by  private  authors.  A  list 
at  the  end  of  this  chapter  contains  such  of  these  publications  as  seem 
to  be  most  useful  to  any  one  desiring  to  pursue  further  the  matters 
treated  in  this  report. 

To  discuss  intelligently  the  movements  of  the  atmosphere  which 
determine  the  occurrence  and  distribution  of  rainfall,  it  is  necessary 
first  to  understand  something  of  the  ph3rsical  properties  of  the  atmos- 
phere and  the  laws  which  govern  its  movements  and  changes. 

PHYSICAL  PROPERTIES  OF  THE  ATMOSPHERE 

The  atmosphere  is  a  mechanical  mixture  of  nitrogen,  oxygen,  and 
small  amounts  of  a  number  of  other  gases  including  water  vapor. 
All  of  these  except  water  vapor  belong  to  the  class  called  permanent 
gases,  and  hence  the  mixture  of  these  permanent  gases,  so  far  as  its 
effect  upon  rainfall  is  concerned,  may  be  considered  as  having  the 
quahties  of  a  single  perfect  gas,  homogeneous  in  composition. 

The  relatively  small  proportion  of  water  vapor  present  in  the 
atmosphere,  on  the  other  hand,  obeys  laws  in  some  respects  entirely 
different  from  those  controlling  the  properties  of  the  so-called  perma- 
nent gases;  and  a  comprehension  in  a  general  way  of  the  laws  relating 
to  vapor  pressure  and  temperature  is  absolutely  necessary  to  an 
adequate  understanding  of  the  changes  in  the  atmosphere  which 
accompany  and  control  evaporation  and  rainfall. 

A  vapor  is  by  definition  a  substance  in  the  gaseous  state,  which 
passes  freely  at  ordinary  temperatures  and  pressures  into  either  the 
solid  or  liquid  state,  or  in  the  reverse  direction.  The  distinction 
between  vapors  and  gases  while  very  convenient  for  ordinary  use,  in 
reahty  is  only  relative,  since  all  the  so-called  permanent  gases  become 
first  vapors  and  then  liquids  if  the  conditions  are  made  sufficiently 
extreme. 

Although  in  the  language  used  above  a  vapor  is  said  to  pass  freely 

from  the  gaseous  to  the  liquid  state,  this  change  is  in  reality  strictly 
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limited  by  certain  definite  relations  of  temperature  and  pressure. 
These  limitations  can  be  most  easily  stated  in  terms  of  conditions  of 
saturation.  Let  there  be  imagined  an  air-tight  vessel  of  one  cubic 
foot  capacity  from  which  all  air  has  been  removed.  Into  this  vessel 
let  a  small  quantity  of  a  volatile  Uquid,  such  as  water,  be  introduced. 
Some  of  the  water  will  quickly  change  into  the  gaseous  state  and  fill 
the  whole  space.  Soon  a  definite  constant  condition  of  equilibrium 
will  be  reached,  the  vapor  and  the  unvaporized  water  will  have  the 
same  temperature,  and  the  space  in  the  vessel  is  said  to  be  saturated 
with  the  water  vapor.  Measurements  show  that  at  a  given  tempera- 
ture the  amount  of  water  vapor  in  one  cubic  foot  of  saturated  space  is 
exactly  constant,  and  that  adding  more  water  in  the  liquid  state 
cannot  increase  the  quantity  of  water  vapor  so  long  as  the  temperature 
remains  unchanged.  Of  course,  the  amount  of  water  vapor  present 
may  be  less  than  that  of  saturation,  and  it  vriU  be  less  if  the  amount  of 
water  originally  suppUed  in  the  imaginary  experiment  described  above 
is  insufficient,  when  all  evaporated,  to  produce  the  saturated  state; 
but  if  water  is  present  in  the  Uquid  state,  evaporation  will  continue 
until  the  definite  state  known  as  saturation  is  produced. 

Now  imagine  the  containing  vessel  and  its  contents  to  be  warmed 
by  external  means  to  a  definite  higher  temperature.  Measurements 
show  that  then  the  quantity  of  water  vapor  present  per  cubic  foot, 
when  a  state  of  saturation  is  reached,  will  be  greater  than  before. 
Thus  for  every  temperature  there  is  a  definite  quantity  of  water  vapor 
necessary  to  saturate  one  cubic  foot  of  space,  this  quantity  increases 
as  the  temperature  rises,  and  by  experiment  it  is  found  that  if  the  tem- 
perature is  raised  by  constant  increments,  the  corresponding  increment 
in  required  water  vapor  continually  increases. 

The  amount  of  water  vapor  present  in  a  cubic  foot  of  space  is 
called  its  absolute  humidity.  Table  1  shows  in  column  3  the  absolute 
humidity  at  saturation,  in  grains  per  cubic  foot  of  space,  at  various 
temperatures  from  zero  to  100  degrees  fahrenheit.  When  a  given 
space  contains  less  water  vapor  than  the  amount  required  to  produce, 
saturation  at  the  existing  temperature,  the  absolute  humidity  is 
correspondingly  less  than  the  value  shown  for  the  given  temperature 
in  the  above  table. 

Column  4  shows  for  each  temperature  the  depth  in  inches  of  a 
layer  of  water  which,  when  converted  into  vapor,  would  suffice  to 
saturate  the  space  above  for  a  height  of  one  mile.  Or,  it  shows  the 
amount  of  rain  in  inches  that  would  result  if  all  the  moisture  could  be 
removed  by  condensation  from  a  layer  of  the  saturated  atmosphere 
at  uniform  temperature  one  mile  thick. 

For  each  condition  of  saturated  space  the  water  vapor  has  a  definite 
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vapor  pressure,  which  would  be  evident  as  an  internal  pressure  against 
the  walls  of  the  containing  vessel.  For  conditions  in  which  space  is 
not  saturated,  the  vapor  pressure  follows  practically  the  laws  of 

Table  1. — ^Humidity,  Vapor  Pressure,  Weight,  and  Heat  Increments  for  Saturated 

Space  and  Dry  Air  at  Varioua  Temperatures. 
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permanent  gases;  that  is,  if  the  temperature  remains  constant  the 
vapor  pressure  is  proportional  to  the  absolute  humidity;  and  if  the 
temperature  varies  but  the  absolute  humidity  is  constant,  the  vapor 
pressure  is  proportional  to  the  absolute  temperature.  The  absolute 
temperature  is  the  fahrenheit  temperature  plus  460  degrees.  Table  1 
above  gives  in  column  5  the  vapor  pressure  in  pounds  per  square  inch, 
for  saturation  for  each  temperature. 

Colunm  6  gives  the  weight  in  pounds  of  a  cubic  foot  of  dry  air, 
under  a  pressure  of  14.7  pounds  per  square  inch,  for  the  various 
temperatures.  Column  7  gives,  similarly,  the  weight  of  a  saturated 
mixture  of  air  and  water  vapor,  when  part  of  the  dry  air  has  been 
replaced  by  the  vapor,  so  that  the  total  pressure  remains  as  before  at 
14.7  pounds  per  square  inch. 

Recmring  again  to  the  imaginary  experiment  described  above,  let 
us  consider  the  heat  changes  involved  in  passing  from  one  saturated 
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state  to  another  at  a  higher  temperature.  The  heat  that  would  of 
necessity  be  supplied  to  the  containing  vessel  would  be  required  for 
three  purposes:  first,  a  certain  amount  to  raise  the  temperature  of 
the  liquid  water  present;  second,  a  certain  amount  to  raise  the  temper- 
ature of  the  water  vapor  present;  and  third,  a  certain  amount  to  supply 
the  latent  heat  of  evaporation  of  the  additional  amoimt  of  water 
converted  to  vapor  to  produce  the  saturated  state  at  the  higher 
temperature.  In  these  calculations  the  second  portion  is  negligible, 
so  that  assuming  the  changes  to  take  place  by  S-degree  steps,  table  1 
contains  in  colunm  8  the  amount  of  heat  for  the  third  portion  men- 
tioned above,  the  amount  required  to  bring  the  water  vapor  again 
to  a  condition  of  saturation  from  a  saturated  condition  five  degrees 
colder.  It  is  important  to  note  that  if  saturated  vapor  is  cooled  it 
is  necessary  to  remove  exactly  corresponding  amounts  of  heat  to 
produce  a  given  change  of  temperature.  During  such  cooling  the 
excess  vapor  will  be  converted  into  the  liquid  state  in  the  form  of 
cloud,  mist,  or  fog. 

It  will  be  noticed  that  nothing  has  so  far  been  said  about  the 
effect  of  the  presence  of  air  in  our  imaginary  experimental  vessel. 
The  presence  of  such  air  produces  only  incidental  and  relatively  in- 
significant effects.  It  retards  somewhat  the  rate  of  evaporation  and 
the  diffusion  of  the  resulting  water  vapor  into  a  uniform  distribution 
throughout  the  enclosed  space.  The  pressure  of  the  air  would  be 
added  to  the  vapor  pressure  to  give  the  pressure  reading  on  such  an 
instrument  as  a  barometer.  When  the  temperature  is  raised  the 
pressure  of  the  confined  air  would  increase  in  proportion  to  the  abso- 
lute temperature,  and  a  certain  amount  of  heat  would  be  required  to 
raise  the  temperature  of  the  confined  air.  For  example,  to  raise  the 
temperature  of  one  cubic  foot  of  dry  air  at  constant  volume  from 
75  to  80  degrees  fahrenheit  requires  .06  British  thermal  imits  of  heat, 
while  table  1  shows  that  to  raise  one  cubic  foot  of  saturated  vapor 
through  the  same  change  of  temperature  requires  .22  British  thermal 
units. 

It  is  desirable  here  to  state  the  definitions  of  two  terms  much  used 
in  meteorology,  namely,  dew  point  and  relative  humidity.  Given  a 
certain  state  of  unsaturated  space  with  a  definite  absolute  humidity, 
the  relative  humidity  is  the  ratio  of  the  given  absolute  humidity  to  the 
absolute  humidity  necessary  to  produce  saturation  without  change 
of  temperature,  and  the  dew  point  is  the  temperature  to  which  the 
space  wotdd  have  to  be  reduced  to  become  saturated  without  any 
change  in  the  absolute  humidity. 

If  the  atmosphere  were  a  quiet  uniform  layer,  its  pressure  at  the 
surface  of  the  earth  would  exactly  equal  its  weight.    Disturbances 
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and  movements  of  the  atmosphere  cause  its  pressure  at  the  earth's 
surface  to  vary,  but  the  pressure  averages  about  14.7  pounds  per 
square  inch  at  sea  level.  The  pressure  is  ordinarily  measured  by  a 
barometer  in  inches  of  mercury  colunm  and  is  indicated  in  this  unit 
on  the  daily  weather  maps  issued  by  the  Weather  Bureau.  The  value 
corresponding  to  14.7  pounds  per  square  inch  is  29.9  inches  of  merciu*y. 
Since  one  cubic  foot  of  air  at  sea  level  weighs  on  the  average 
0.078  pounds,  if  the  atmosphere  were  of  uniform  density  at  all  eleva- 
tions a  thickness  of  about  five  miles  would  suffice  to  produce  the 
pressure  of  14.7  pounds  per  square  inch.  But  as  one  rises  above  the 
earth's  surface  the  pressure  decreases  by  exactly  the  weight  of  the 
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FIG.  1.— PRESSURE  AND  TEMPERATURE  AT  VARIOUS  ALTITUDES. 

These  curves  show  observed  pressure  and  temperature  at  elevations  above  the 
earth's  flurface,  and  temperature  changes  resulting  from  the  adiabatic  expansion  of 
dry  and  moist  air. 

layers  of  air  passed  through.  As  the  pressure  decreases^  the  density 
or  weight  of  one  cubic  foot  decreases  correspondingly.  Hence,  the 
successive  layers  of  air  weigh  less  and  therefore  the  change  of  pressure 
for  each  1000  feet  rise  constantly  decreases.  If  the  composition  and 
temperature  of  the  air  were  constant  it  would  be  possible  to  calculate 
the  pressure  at  any  altitude.  But  the  temperature  decreases  with  the 
altitude  at  an  average  rate  of  about  15  degrees  fahrenheit  per  mile. 
This  makes  the  upper  layers  more  dense  than  they  would  be  if  at  a 
uniform  temperature  and  so  tends  to  maintain  a  more  uniform  change 
of  pressure  with  altitude.  In  figure  1,  Curve  A  shows  the  average 
pressure  and  Curve  B  the  average  temperature  of  the  air  at  various 
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elevations  above  sea  level  as  it  might  exist  on  a  clear  hot  summer 
afternoon.  The  lower  half  of  the  atmosphere  is  contained  within  a 
layer  3.6  miles  thick,  but  the  thin  outer  layers  extend  to  a  height  of 
many  miles. 

The  sun's  heat  keeps  the  lower  atmosphere  in  continual  motion, 
with  the  result  that  the  layers  at  different  elevations  constantly  mix 
with  each  other  more  or  less.  It  may  be  profitable  to  begin  the 
discussion  of  the  effects  of  this  mixing  by  considering  first  the  simplest 
possible  theoretical  case,  that  is,  that  of  an  atmosphere  which  is 
moisture  free,  and  hence  composed  of  permanent  gases.  If  a  cubic 
foot  of  such  a  gas  is  carried  from  sea  level  to  higher  altitudes,  the 
pressure  upon  it  gradually  decreases  and  it  undergoes  a  corresponding 
expansion  in  volume.  As  the  gas  thus  expands  it  performs  work 
upon  its  enclosing  envelope  which  is  measured  as  a  product  of  force 
and  distance;  the  distance  being  the  increase  in  volume,  and  the 
force  being  the  average  pressure  of  the  gas  during  the  expansion. 
The  source  of  energy  for  performing  this  work  is  the  heat  initially 
present  in  the  gas.  If  no  heat  is  received  by  the  gas  from  an  external 
source,  then  its  temperature  will  fall  just  such  an  amount  that  its 
loss  of  heat  energy  will  be  exactly  equivalent  to  the  external  work 
performed  during  expansion.  Such  expansion  is  called  adiabatic 
expansion.  Since  the  specific  heat  of  air  is  well  known,  it  is  possible 
to  calculate  closely  the  temperature  of  such  a  cubic  foot  of  air  as  it 
rises  to  various  altitudes.  Figure  1,  Curve  C,  shows  the  temperature 
reached  at  various  altitudes  on  the  assumption  that  the  air  started 
from  sea  level  at  a  temperature  of  80  degrees.  This  process  is  re- 
versible, so  if  the  cubic  foot  were  returned  to  its  original  position  it 
would  be  again  compressed  and  warmed  up  to  its  original  temperature. 

This  curve  in  figure  1  may  be  considered  a  curve  of  neutral  equi- 
hbrium.  If  the  temperature  of  a  dry  atmosphere  could  be  imagined 
to  agree  throughout  with  this  curve,  then  if  any  portion  of  that 
atmosphere  either  rose  or  fell  its  temperature  would  change  auto* 
matically  and  would  be  in  agreement  with  the  temperature  of  the 
surrounding  layer  in  its  new  position.  In  contrast  with  this,  con- 
sider a  cubic  foot  at  some  altitude  which  should  have  artificially  a 
higher  temperature  than  that  corresponding  to  the  surrounding  layer 
at  this  altitude.  It  would  then  be  lighter  than  the  surrounding  air 
and  would  rise  under  the  buoyant  force.  However,  at  each  new 
altitude  it  would  be  likewise  warmer  and  lighter  than  the  surrounding 
layer  and  hence  it  would  keep  on  rising  indefinitely.  On  the  other 
hand,  a  cubic  foot  heavier  than  its  surrounding  layer  would  sink  to 
the  earth's  surface.  By  an  extension  of  this  reasoning  it  is  obvious  that 
if  above  some  elevation  the  remaining  atmosphere  is  warmer  than  the 
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temperature  shown  in  figure  1,  then  it  tends  to  remain  in  its  superior 
position,  and  is  in  stable  equiUbrium;  but  if  above  the  given  elevation 
the  remaining  atmosphere  is  colder  than  the  temperature  shown  by 
the  curve  of  equilibrium,  then  the  whole  atmosphere  is  in  unstable 
equilibrium  and  would  be  Ukely  to  be  overturned. 

The  final  condition  to  be  considered  and  the  most  complex  is  an 
atmosphere  containing  water  vapor.  There  is,  of  course,  an  endless 
variety  of  cases  depending  upon  the  initial  temperature  condition  and 
degree  of  saturation.  One  case  only  will  be  considered  in  detail; 
perhaps  it  is  the  simplest,  but  it  may  serve  in  a  general  way  as  an 
illustration  of  all  related  cases.  Assume  as  an  initial  condition  a  large 
mass  of  saturated  air  at  sea  level  at  a  temperature  of  80  degrees,  a 
rather  extreme  condition,  but  one  that  may,  perhaps,  be  reached  in 
summer.  Assume  that  some  impulse  starts  this  mass  into  upward 
motion  into  layers  of  air  whose  temperature  and  density  vary  according 
to  the  average  observed  conditions  as  shown  in  figure  1.  As  the 
saturated  atmosphere  rises  into  regions  of  reduced  pressure,  it  will 
expand,  and  thus  perform  work.  Its  temperature  will  be  reduced 
by  the  abstraction  of  sufficient  heat  to  perform  the  external  work. 
Since  the  air  is  originally  saturated,  lowering  the  temperature  implies 
the  condensation  of  some  of  the  water  vapor  into  the  liquid  state. 
Now,  to  lower  the  temperature  of  one  cubic  foot  of  saturated  air  one 
degree  requires  the  removal  of  much  more  heat  than  would  be  neces- 
sary if  the  air  were  moisture-free;  or,  what  is  the  same  thing,  to  supply 
a  certain  amount  of  heat  energy,  the  cubic  foot  of  saturated  air  will 
have  its  temperature  reduced  only  a  fraction  of  the  amount  by  which 
a  cubic  foot  of  moisture-free  air  would  be  reduced.  As  a  consequence, 
the  temperature  of  the  rising  moist  air  will  be  decidedly  higher  than 
that  of  the  surrounding  layers  of  stationary  air. 

The  condensed  moisture  in  this  case  will  first  appear  as  fog.  If 
the  particles  are  small  enough  they  will  fall  at  an  exceedingly  slow 
rate.  As  their  size  increases  their  vertical  velocity  will  Ukewise 
increase.  For  the  sake  of  simplicity  let  it  be  assumed  that  the  con- 
densed moisture  is  removed  by  falling  as  soon  as  it  forms.  On  this 
assumption  the  temperature  can  be  calculated  for  each  pressure  and 
thus  for  each  altitude.  This  temperature  is  shown  on  figure  1,  Curve 
Z).  This  is  then  an  irreversible  process,  due  to  the  removal  of  the 
condensed  moisture,  and  if  through  some  agency  the  saturated  air 
should  be  caused  to  fall,  it  would  return  to  its  original  elevation  along  a 
curve  parallel  to  Curve  C.  It  is  supposed  that  fog  or  cloud  particles 
are  usually  between  0.001  and  0.0002- inch  in  diameter,  and  that  a 
particle  of  the  larger  size  falls  through  the  air  at  a  rate  of  2  inches 
per  second  or  1  mile  in  9  hours. 
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The  distance  between  Curves  B  and  D,  showing  the  difference  in 
temperature  at  any  elevation^  is  in  a  way  a  measure  of  the  difference 
in  weight  or  density  of  air  under  the  two  conditions  and  so  indicates 
the  buoyant  force.  In  hot  summer  weather  warm  air  from  the 
ground  does  rise  every  clear  afternoon  under  such  forces  producing 
the  cumulus  clouds  so  constantly  visible.  Such  vertical  currents  are 
called  convection  currents.  When  the  supply  of  warm  moist  air  is 
sufficient,  a  thundershower  often  results.  By  means  of  measure- 
ments on  the  clouds  it  has  been  determined  that  these  ascending 
currents  often  rise  to  an  altitude  of  several  miles. 

For  purposes  of  comparison,  Curve  E  has  been  added  on  figure  1, 
similar  to  Curve  D  except  starting  with  a  temperature  of  70  degrees 
at  sea  level. 

One  point  remains  for  discussion.  In  drawing  Curve  D,  it  was 
assumed  that  all  condensed  moisture  was  removed  from  the  air  as 
soon  as  formed.  Actually,  condensed  moisture  in  the  form  of  cloud 
or  fog  remains  largely  with  the  air  in  which  it  is  produced.  This 
cloud  or  fog  increases  the  weight  of  the  air  containing  it  and  so  reduces 
the  buoyant  force.  To  indicate  something  as  to  the  amoimt  of  this 
effect  Curve  F  has  been  added  showing  by  its  position  between  Curves 
B  and  D  the  relative  decrease  in  the  buoyancy  if  none  of  the  con- 
densed moisture  had  been  removed  from  Curve  D.  Curve  0  has  been 
shnilarly  drawn  with  respect  to  Curve  E. 

The  data  in  table  1  and  the  curves  in  figure  1  show  the  nature 
and  importance  of  the  disturbing  forces  introduced  into  the  atmosphere 
by  the  presence  of  water  vapor.  When  a  mass  of  air  at  the  surface 
becomes  well  warmed  and  well  saturated  with  moisture,  a  state  of 
unstable  equilibrium  is  reached  whose  disturbing  effects  upon  the 
winds  and  weather  often  results  in  thundershowers  and  other  forms 
of  precipitation.  The  convection  currents  which  result  from  such  a 
state  of  unstable  equiUbrium  seem  to  play  an  important  part  in  all 
storms^  but  other  factors  also  have  a  large  influence,  and  no  one  yet 
has  been  able  satisfactorily  to  show  just  what  weight  in  producing 
precipitation  must  be  ascribed  to  the  effect  of  convection. 

MOTION  UPON  THE  EARTH'S  SURFACE 

In  order  to  comprehend  the  most  fundamental  relations  existing 
between  the  horizontal  motions  of  the  atmosphere  upon  the  earth's 
surface  and  the  forces  which  control  these  motions,  it  is  necessary  to 
have  in  mind  some  of  the  underlying  laws  of  mechanics.  The  more 
elementary  of  these  laws  will  *be  stated  and  illustrated  briefly  using 
graphical  methods  so  far  as  possible  to  illustrate  the  relations  existing 
between  the  differential  quantities.    For  a  complete  mathematical 
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treatment  by  analytical  methods  the  reader  is  referred  to  the  treatises 
enumerated  at  the  end  of  this  chapter. 

CENTRIPBTAL  FORCE  AND  RADroS  OF  CURVATURE 

In  figure  2  let  P  represent  at  the  beginning  of  a  certain  instant  of 
time  the  position  of  a  body  moving  in  the  direction  of  PA  with  a 
velocity  V.  If  no  force  acts  upon  the  moving  body  it  will  move  in  a 
straight  line  with  unchanging  velocity.  This  law 
of  motion  is  commonly  said  to  result  from  the 
body's  possessing  the  property  of  inertia.  In  a 
brief  time,  dt,  the  body  moves  a  distance  equal  to 
Vdt. 

Let 

PA  ^  Vdt  (1) 


[i^M^^ 


Now  suppose  that  during  this  same  time,  dtf 
the  body  is  acted  upon  by  a  constant  force,  F,  act- 
ing always  at  right  angles  to  the  direction  of  the 
velocity.  The  eflfect  of  the  force,  F,  is  to  turn  the 
body  from  the  straight  line  PA,  so  that  at  the  end 
of  the  time,  dt,  it  is  at  a  position,  B.  The  eflfect  of  the  force,  F,  is  to 
move  the  body  sideways  a  distance  AB  in  the  time,  dt.  If  a  is  the 
acceleration  produced  by  the  force,  F,  in  the  direction  AB,  then 


FIG.  2.  —  RA- 
DIUS OF  CURVA- 
TURE. 


AB  =  ia{dty 


(2) 


If  F  is  measured  in  pounds,  W  is  the  weight  of  the  body  in  pounds, 

and  g  is  the  acceleration  of  gravitation,  the  relation  between  F  and  a 

is  given  by 

F 

g  (3) 


a  =s= 


W 


When  the  body  arrives  at  £  it  is  traveUng  in  a  direction  slightly 
different  from  what  it  had  at  the  point,  P,  but  its  speed  is  unchanged, 
because  the  deflecting  force  always  acts  normal  to  the  direction  of 
motion  of  the  body  and  therefore  has  no  tangential  component.  The 
path  from  P  to  B  is  curved.  For  such  a  short  length  as  we  are  here 
considering  the  curve  would  be  sensibly  a  circle  and  it  is  often  con- 
venient to  know  under  such  circumstances  the  size  of  this  circle  of 
curvature,  or  the  radius  of  curvature.  For  any  such  case,  where  the 
circle  is  known  to  be  tangent  to  the  line,  PA,  at  the  point,  P,  and 
passes  through  the  point,  B,  whose  position  is  known  with  respect  to  P, 
the  following  rule,  derived  from  plane  geometry,  and  accurate  only 
for  differential  quantities,  is  very  convenient. 
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Let 

PA  --  dz 

AB  =  dy 

p  =  radius  of  curvature 


Then 


From  this  and  equations  1  and  2  the  ordinary  expression  for  the 
acceleration  of  centripetal  force  is  obtained: 

a  =  ^  (5) 

P 

RADIAL  BAROMETRIC   GRADIENT  IN  A  ROTATING 

ATMOSPHERE 

In  order  to  study  each  element  in  its  simplest  separate  form  let  us 
next  consider  the  effect  of  circular  motion  in  the  atmosphere  upon 
barometer  pressures  as  they  would  exist  upon  an  earth  without  rota- 
tion. It  will  later  be  shown  that  the  diurnal  rotation  of  the  earth 
has  a  decidedly  important  influence  on  the  distribution  of  barometer 
pressures  in  a  moving  atmosphere,  and  it  is  simpler,  and  hence  advan- 
tageous, to  consider  the  earth  at  first  without  rotation. 

Assume  on  some  part  of  the  earth's  surface  that  over  a  large  area 
the  air  is  moving  in  an  eddy  or  whirl  in  a  counter-clockwise  direction 
about  some  fixed  center.  This  eddy  might  be  500  miles  or  more  in 
diameter,  with  the  wind  having  everywhere  a  velocity  of  20  miles  per 
hour.  Such  a  circulation  is  called  in  meteorological  parlance,  a 
cyclone.  If  the  air  is  at  each  point  moving  in  a  true  circle  around 
the  center,  this  shows  that  at  the  center  the  barometric  pressure 
must  be  lower  than  at  the  outskirts  by  the  amount  required  by  the 
formula  for  centripetal  force.  With  a  constant  velocity,  V,  the 
barometric  pressure  along  a  radial  line  will  change  at  a  varying  rate 
dependent  upon  the  value  of  p.  This  rate  or  barometric  gradient  at 
the  surface  of  the  earth,  expressed  in  inches  of  mercury  difference  in 
barometer  reading  per  100  miles  of  horizontal  radial  distance  is 

V*       F* 
Barometric  gradient  =  .25  —  =  7755-  (6) 

gp      \£6p 

in  inches  per  100  miles,  in  which  V  is  the  velocity  of  the  wind  in  miles 
per  hour,  g  is  the  acceleration  of  gravity  in  feet  per  second,  and  p  is 
the  radius  in  miles.  For  a  velocity  of  20  miles  per  hour,  and  a  radius 
of  200  miles  this  gives  a  barometric  gradient  of  .015  inch  per  100 
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miles.  This  result  shows  that  for  ordinary  conditioDS  centripetal 
force  has  but  small  effect  upon  the  distribution  of  barometric  pressure, 
but  for  such  extreme  conditions  as  are  reached  in  a  West  Indian 
hurricane  the  effect  of  rotation  becomes  very  marked.  In  the 
above  example  with  the  circulation  in  a  counter-clockwise  direc- 
tion the  higher  pressure  would  be  on  the  right  hand  side  of  the  moving 
air  current. 

An  important  relation  in  connection  with  a  revolving  cyclone  such 
as  that  described  above  should  be  noted  at  this  point.  If  such  a 
whirUng  mass  or  disk  of  air  should  be,  say,  two  miles  thick  and  several 
hundred  miles  in  diameter,  the  friction  of  the  surface  of  the  earth 
would  be  a  disturbing  element  which  would  constantly  tend  to  reduce 
the  velocity  of  the  moving  air  at  the  surface  to  a  value  less  than  that 
existing  at  higher  altitudes  above  the  earth's  surface.  This  would 
upset  any  previously  existing  equiUbrium  between  centrifugal  force 
and  barometric  gradient.  If  at  a  height  of  1000  feet,  the  atmosphere 
were  revolving  in  circular  paths  with  the  horizontal  barometric 
gradient  just  balancing  the  horizontal  centrifugal  force,  then  at  lower 
elevations  where  the  linear  velocity  of  the  air  was  less,  the  barometric 
gradient  would  more  than  suffice  to  overcome  the  centrifugal  force, 
with  the  result  that  the  lower  air  would  be  pushed  in  toward  the  center 
of  the  cyclone.  Similarly  at  higher  levels  the  barometric  gradient 
would  not  suffice  to  overcome  centrifugal  force  and  the  air  would 
tend  to  move  away  froAi  the  center  of  rotation.  The  radial  barometric 
gradient  is  so  slight  a  quantity  that  these  variations  are  perhaps  not 
of  prime  importance,  but  observations  in  the  air  at  different  levels 
indicate  a  relative  motion  inward  at  the  ground  and  an  outward 
motion  at  high  altitudes. 

EFFECT  OF  THE  EARTH'S  ROTATION  UPON  FRICTIONLESS 

MOTION 

First,  let  us  consider  the  earth  as  a  perfect  sphere  not  in  rotation. 
If  a  body  could  move  on  the  earth's  surface  without  any  friction, 
then  such  a  body  once  put  into  motion  would  move  around  the  earth, 
under  the  force  of  gravity,  pulling  it  constantly  toward  the  earth's 
center,  in  a  path  which  would  be  a  great  circle.  For  example,  in 
figure  3,  representing  the  earth,  if  a  body  were  started  at  P  on  the 
equator  in  the  direction  PA  it  would  move  along  the  great  circle 
represented  by  the  line  PABC  until  it  passed  entirely  around  the 
earth  and  came  back  to  the  point  of  beginning. 

With  such  an  earth  not  in  rotation,  the  moving  point,  P,  would 
actually  traverse  a  great  circle  on  the  earth's  surface  and  its  velocity 
would  be  constant.    Such  a  great  circle  might  be  said  to  correspond 
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FIG.  3. —MOTION   ON 
THE  EARTH. 


to  a  straight  line  on  the  earth.    A  peculiarity  of  the  motion  would  be, 
however,  that  its  geographical  direction  would  be  constantly  changing. 

At  P  it  might  be  going  northeast,  at  B  due 
east,  later  southeast,  etc.,  although  it  would 
all  the  time  have  what  corresponds  to  a 
straight  line  motion.  That  is,  it  would 
remain  in  the  plane  of  the  same  great  circle 
of  the  earth. 

If  now  the  earth  is  supposed  to  have  a 
rotation  from  west  to  east,  in  the  absence 
of  friction  the  moving  body  would  follow 
exactly  the  same  path  in  space  as  before, 
and  its  absolute  velocity  would  continue 
unchanged.  Its  velocity  relative  to  the 
earth,  however,  would  be  much  different 
from  what  it  was  before,  and  the  path 
which  it  would  follow  or  trace  upon  the 
moving  surface  of  the  earth  would  become 
a  complicated  curve.  The  velocity  of  the  body  relative  to  the  earth 
would  be  variable  in  both  magnitude  and  direction.  For  example, 
if  the  angular  velocity  of  the  earth  were  such  that  the  linear  velocity 
of  a  point  at  the  equator  was  somewhat  greater  than  the  easterly 
component  of  the  moving  body  at  the  point  P,  then  the  moving  body 
would  fall  behind  the  earth  and  would  seem  to  move  relatively  to  the 
earth  in  a  northwesterly  direction  from  the  point  P.  As  the  body 
reaches  more  northerly  latitudes,  the  linear  velocity  of  points  on  the 
earth's  surface  becomes  less,  while  the  easterly  component  of  the 
velocity  of  the  body  becomes  greater.  Thus  a  place  may  be  reached 
where  the  body  is  keeping  up  with  easterly  motion  of  the  earth,  and 
beyond  which  the  moving  body  actually  has  an  easterly  component 
of  motion  relative  to  the  earth.  In  such  a  case  the  path  traced  on 
the  earth's  surface  would  be  a  series  of  loops.  The  consideration  of 
this  case  serves  to  introduce  in  a  simple  manner  the  idea  of  relative 
motion  on  the  earth's  surface,  but  need  not  be  followed  further,  for 
the  reason  that  the  actual  surface  of  the  earth  is  not  a  sphere  but  an 
ellipsoid  with  the  polar  diameter  appreciably  less  than  the  equatorial. 
This  introduces  a  new  element  which  complicates  the  situation,  but 
which  in  the  end  simplifies  the  result  expressing  motion  relative  to 
the  moving  surface  of  the  rotating  earth. 

On  account  of  the  ellipticity  of  the  earth,  the  attraction  of  gravity 
directed  towards  the  center  of  the  earth  acting  on  a  body  moving  with 
the  earth  such  as  B,  figure  3,  is  not  perpendicular  to  a  level  surface 
at  B,  but  has  in  the  northern  hemisphere  a  component  directed  toward 
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the  north  pole.  The  direction  of  the  attraction  of  gravity  at  the 
point  B  should  not  be  confused  with  the  direction  which  a  plumb 
line  at  B  indicates.  The  latter,  acting  normal  to  the  tangent  plane 
at  B,  is  only  one  component  of  gravity  and  is  balanced  by  the  reaction 
of  the  earth  at  this  point.  The  other  component,  acting  at  right 
angles  to  the  axis  of  rotation  of  the  earth,  is  a  centripetal  force,  also 
called  in  technical  mechanics  an  unbalanced,  accelerating,  or  deviating 
force,  although  it  is  sometimes  said  to  be  balanced  by  the  so-called 
centrifugal  force.  This  centripetal  force  is  what  causes  a  body,  at 
rest  on  the  surface  of  the  earth,  to  deviate  from  a  straight  path  as  the 
earth  revolves  and  thus  to  remain  on  the  earth  instead  of  flying  off 
into  space.  The  so-called  centrifugal  force  is  not  a  real  force  at  all 
as  this  word  is  defined  in  mechanics.  Hence,  if  the  elliptical  earth 
were  not  rotating,  a  frictionless  body  moving  due  east  on  the  earth 
at  the  point  B  would  not  continue  in  the  great  circle,  as  it  would  for  a 
spherical  earth,  but  would  be  deflected  towards  the  north  by  gravity. 
In  such  case  the  deflection  would  be  towards  the  left. 

To  examine  in  detail  the  motion  of  a  body  on  the  earth's  surface 
it  is  necessary  to  represent  the  motion  in  a  plane.  This  may  be 
conveniently  done  by  means  of  the  cone  tangent  to  the  earth  on  the 
parallel  of  latitude  through  the  point  under  investigation.  Thus  to 
study  the  relative  motion  at  the  point  B,  figure  3,  draw  the  tangent 
cone  whose  vertex  is  at  M.  Any  motion  on  the  earth's  surface  at  B 
may  be  considered  as  equally  a  motion  in  the  conical  surface. 

Let  figure  4  represent  the  development  in  a 
plane  of  the  portion  of  the  conical  surface  near  B.       ^ 

Let  R  —  radius  of  the  earth  in  miles 

4>  =  latitude  of  the  point  B 

U  =  linear  velocity  in  miles  per  hour  of  a 
point  of  the  earth's  surface  at  the 
latitude  0 

V  =  linear  velocity  relative  to  the  earth's 
siu^ace  in  miles  per  hour  of  a  fric- 
tionless moving  body  at  the  point  B.        ^jq    4  __  i^q- 

In  figure  4,  the  development  of  the  line  of  tan- 
gency  of  the  cone  and  sphere,  which  is  the  parallel  of     gent  "tO  ~  THE 
latitude  through  B,  will  be  the  arc  of  a  circle  BQS,     EARTH, 
whose  center  is  M  and  whose  radius,  BM,  equals 
R  cot  4>.    At  £,  a  point  of  the  earth's  surface  is  moving  due  east  in 
the  direction  of  BL  with  a  velocity,  17.    If  no  force  were  acting  to 
deflect  this  point  from  the  straightest  path,  it  would  move  along  a 
great  circle  which  would  show  in  the  development  as  the  straight  line 


TION      IN      A 
PLANE     TAN- 
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BL,  But  actually  on  account  of  the  eccentricity  of  the  earth  there  is 
an  unbalanced  component  of  gravity  urging  it  toward  the  north. 
This  force  is  just  sufficient  to  deflect  the  motion  of  the  point  from  the 
great  circle  to  the  circle  BQS  corresponding  to  the  parallel  of  latitude. 

In  the  short  time  eft,  the  velocity  17  if  unaffected  would  carry  the 
point  a  distance  17  dt  represented  in  figure  4  by  BL,  In  the  same 
space  of  time  the  ellipticity  of  the  earth  produces  a  deflection  towards 
the  north  equal  to  LQ,  so  that  at  the  end  of  the  time  dt,  the  point  is 
not  at  L  but  at  Q. 

Now,  let  us  consider  the  case  of  a  frictionless  body  at  the  point  B 
moving  in  any  direction  on  the  earth's  surface,  with  an  initial  relative 
velocity  V,  If  the  earth  were  stationary  and  spherical  the  body 
would  in  the  time,  dt,  move  a  distance  V  dt  to  &  position  K.  Since  the 
earth  is  in  rotation  the  absolute  velocity  of  the  moving  body  is  the 
resultant  of  17  and  V.  In  the  time,  dt,  therefore,  if  no  deflecting  force 
were  acting  the  motion  of  the  body  would  be  found  by  combining 
BL  and  BK,  which  would  take  the  body  to  the  point  F,  But  the 
ellipticity  of  the  earth  produces  during  this  same  interval  of  time,  dt, 
a  movement  FG  equal  to  LQ.  Hence,  at  the  end  of  the  time,  dt,  the 
body  actually  is  at  the  point,  G.  In  figure  4,  BK,  LF,  and  QO  are 
all  equal  and  parallel. 

It  is  next  desired  to  find  the  path  described  on  the  earth's  surface 
by  the  moving  body  during  the  motion  described  above.  Since  at 
the  point  B  the  body  has  a  relative  velocity  V  in  the  direction  BK, 
the  path,  if  a  curve,  must  be  tangent  at  B  to  the  line  BK,  and  the 
center  of  curvature  must  be  on  a  line  drawn  through  B  perpendicular 
to  BK.  After  the  time,  dt,  the  point  B  has  moved  to  the  position,  Q, 
During  this  time  the  line  BK  has  turned  through  an  angle  so  that  it 
is  no  longer  parallel  to  its  original  position  like  QO,  but  occupies  a 
position  QH  such  that  the  angl6  GQH  equals  the  angle  BMQ,  Hence, 
drawing  QO  perpendicular  to  QH,  the  center  of  ciu'vature,  0,  lies  on 
this  line  at  such  a  distance  from  Q  that  a  circle  drawn  through  Q  shall 
pass  through  the  point,  0.  Hence,  referring  to  the  equations  on 
page  42, 

QH  ^  dx 
HO^dy 

But  QH  =  V  dt,  and  from  the  similar  triangles  QHO  and  MQB, 

R  cot  0 
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Substituting  these  values  in  equation  4  there  is  obtained 

VR  cot  4> 


P  = 


2U 


Q.  rr        2x72  cos  0      .,  , 

Since  U  = ST — -  miles  per  hour 

P  =  -  - — 7  miles  (7) 

«•  sm  0  ^  ^ 

This  is  based  upon  the  assumption  that  the  earth  rotates  once 
upon  its  axis  in  24  hours.  Since  the  sidereal  day  is  about  four  minutes 
shorter  than  the  mean  solar  day,  this  assumption  introduces  a  small 
error. 

Equation  7  shows  that  a  slowly  moving  body  on  the  earth's  surface, 
when  not  near  the  equator,  tends  naturally  to  move  around  a  closed 
curve,  approximately  a  circle,  of  relatively  small  size.  For  example, 
with  a  velocity  of  10  miles  per  hour  in  latitude  30  degrees,  the  radius 
of  the  circle  would  be  about  40  miles.  In  the  northern  hemisphere 
the  deflection  from  a  straight  line  is  toward  the  right,  or  in  other 
words  the  motion  is  in  the  clockwise  direction.  In  the  southern 
hemisphere  the  deflection  is  toward  the  left,  or  the  circular  motion  is 
counter-clockwise. 


INFLUENCE  OF  EARTH'S  ROTATION  ON  BAROMETRIC 

GRADIENT 

When  the  movements  of  the  atmosphere  follow  the  curved  paths 
described  in  the  preceding  paragraph  the  rotation  of  the  earth  has  no 
influence  on  the  pressure  distribution.  However,  when  they  depart 
from  these  paths,  as  they  generally  do,  there  must  be  a  barometric 
gradient  at  right  angles  to  the  line  of  motion  of  suffiicient  magnitude 
to  cause  the  departure. 

The  force  necessary  to  change  the  motion  of  a  mass  of  air  from  the 
curved  path  derived  in  the  preceding  pages  to  a  straight  line  motion 
relative  to  the  rotating  earth,  is  just  equal  to  the  force  that  would 
change  the  motion  on  a  still  earth  from  a  straight  line  to  the  curved 
path.  Therefore,  by  substituting  the  value  of  p  given  by  equation  7 
in  equation  6,  there  is  at  once  obtained  an  expression  for  the  barometric 
gradient  at  right  angles  to  the  direction  of  motion  which  is  necessary, 
on  account  of  the  rotation  of  the  earth,  when  the  atmosphere  moves 
in  an  approximately  straight  line.    The  equation  thus  obtained  is: 
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Barometric  gradient 

=  ^^^^^  =  .0047  sin  0  inches  per  100  miles     (8) 

For  many  conditions  this  will  be  a  larger  gradient  than  that  in 
simple  circular  motion  given  above  by  equation  6.  For  example,  with  a 
velocity  of  2D  miles  per  hour  in  a  latitude  of  30  degrees  the  barometric 
gradient  at  right  angles  to  straight  line  motion  would  be  .04  inch  of 
mercury  per  100  miles.  If  the  wind  is  moving  in  a  curved  path  in  a 
counter-clockwise  direction,  the  total  radial  barometric  gradient  will 
be  given  by  the  sum  of  equations  6  and  8.  If  the  motion  is  in  the 
clockwise  direction  the  gradient  is  found  by  taking  the  difference  of 
the  two  equations. 

GENERAL  WIND  dRCULATION  FOR  EASTERN  UNITED 

STATES 

The  inmiediate  cause  of  the  general  wind  circulation  is  the  variation 
in  air  temperature.  As  a  hypothetical  illustration  consider  the  relative 
pressure  distribution  above  two  points  where  the  air  temperatures 
average  60  and  80  degrees,  respectively.  At  the  colder  point  the 
barometric  pressure  would  decrease  upward  at  a  rate  at  first  of  about 
0.1  inch  of  mercury  for  each  100  feet  of  vertical  rise  and  would  con- 
tinue to  decrease  at  a  rate  which  would  be  not  quite  a  constant  but  a 
slowly  decreasing  quantity.  At  the  warmer  point  the  air  would  be 
about  4  per  cent  lighter  for  the  same  pressure,  and  at  all  higher  alti- 
tudes would  continue  to  be  lighter  than  the  colder  air  in  about  the 
same  ratio.  The  consequence  of  this  is  that  the  decrease  of  pressure 
in  rising  a  stated  vertical  distance  would  not  be  so  much  at  the  warmer 
point  as  at  the  colder.  In  rising  1  mile  the  pressure  at  the  colder 
point  would  decrease  0.2  inch  of  mercury  more  than  the  decrease  at 
the  warmer  point.  If  the  pressure  at  the  surface  of  the  earth  were 
the  same  at  the  two  points  then  the  pressure  3  miles  above  the  earth's 
surface  would  be  0.6  inch  of  mercury  less  at  the  colder  point.  Or, 
if  the  pressure  at  the  earth's  surface  were  0.3  inch  greater  at  the 
colder  point,  at  an  altitude  of  3  miles  it  would  be  0.3  inch  less  than 
for  the  same  altitude  at  the  warmer  point.  In  this  latter  case,  then, 
there  would  be  a  surface  wind  from  the  colder  to  the  warmer  region 
and  at  high  altitudes  a  wind  from  the  warmer  towards  the  colder 
region.  Similarly,  any  variation  in  temperature  between  two  points 
on  the  earth  prevents  the  existence  of  a  state  of  equilibrium  and  starts 
an  air  circulation. 

The  latter  case  typifies  the  condition  existing  over  a  large  part  of 
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the  earth's  surface  during  much  of  the  time.  The  high  temperatures 
prevailing  in  the  equatorial  region  lead  to  an  unequal  pressure  distri- 
bution with  the  result  that  around  the  earth  there  is  a  fairly  permanent 
belt  of  high  pressure  at  the  surface  in  latitude  30  to  35  degrees  north, 
accompanied  by  corresponding  low  pressures  at  great  altitudes  above 
the  earth.  The  resulting  surface  winds  blowing  constantly  towards 
the  equator  over  the  oceans  are  called  the  trade  winds.  Where 
deepest  they  attain  an  altitude  of  about  2^  miles.  The  belt  of  high 
surface  pressure  is  affected  by  the  seasons  as  the  sun  moves  north  and 
south  of  the  equator,  and  by  the  relations  of  the  continents  to  the 
oceans,  since  land  areas  are  warmer  than  water  areas  during  the 
summer,  and  correspondingly  colder  during  the  winter. 

The  region  of  the  trade  winds  only  barely  touches  the  most  south- 
em  part  of  the  United  States,  but  our  winds  are  affected  by  their 
influence.  As  previously  explained  on  page  47,  any  wind  in  the  north- 
em  hemisphere  tends  to  be  deflected  toward  the  right.  Hence  the 
trade  winds  in  blowing  toward  the  equator  turn  toward  the  southwest. 
Similarly,  the  air  currents  at  high  altitudes  moving  north  from  the 
equator  blow  toward  the  northeast,  and  since  they  are  probably 
much  less  retarded  by  friction  on  account  of  their  separation  from 
the  earth's  surface,  their  easterly  component  of  velocity  persists  suf- 
ficiently to  give  a  decided  drift  towards  the  east  to  all  the  atmosphere 
throughout  the  range  of  latitude  occupied  by  the  United  States. 
The  latter  is  said  to  lie  in  the  region  of  the  prevailing  westerlies  and 
this  constant  steady  drift  of  our  atmosphere  toward  the  east  is  the 
basis  of  all  our  weather  predictions. 

Throughout  the  region  of  the  prevailing  westerlies  the  air  tempera- 
tures, and  their  resulting  winds,  are  much  affected  by  the  presence  of 
the  water  vapor  and  clouds  in  the  air,  and  by  the  vertical  movements 
in  the  air  masses.  The  mechanism  controlling  changes  in  these  ele- 
ments has  not  yet  been  completely  determined,  and  for  this  reason 
long-range  weather  forecasts  are  still  in  only  a  partially  developed 
state. 

The  general  circulation  of  the  atmosphere  between  tropical  and 
extra  tropical  regions  by  means  of  high-altitude  currents  in  one  direc- 
tion and  low-altitude  currents  in  the  reverse  direction,  might  be  spoken 
of  as  a  continuous  circulation  in  vertical  planes.  In  the  latitudes 
of  the  United  States  this  simple  circulation,  during  much  of  the  time, 
becomes  converted  into  what  might  be  called  for  contrast  a  circula- 
tion in  horizontal  planes.  Over  a  large  area  the  air  will  be  moving 
toward  the  north,  at  a  particular  instant,  while  over  a  different  but 
correspondingly  large  area  at  the  same  time  the  air  will  be  moving 
toward  the  south.    The  whole  system  has  a  continual  drift  towards 
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the  east  in  correspondence  with  the  prevailing  westerlies  of  these 
latitudes,  with  the  result  that  at  a  given  geographical  station  the 
winds  are  intermittently  southerly  and  northerly. 

Neither  the  origin  of  these  changes  nor  the  mechanism  which 
controls  their  movements  is  well  enough  worked  out  yet  so  that 
accurate  predictions  of  their  movements  can  be  made  for  any  extended 
advance  period.  But  the  principle  of  continuity  and  the  data  which 
is  being  accumulated  each  year  by  the  Weather  Bureau  are  continually 
extending  the  range  of  possible  prediction.  The  disturbance  of 
temperature  conditions  by  continental  areas  and  by  water  vapor  and 
clouds  in  the  air  doubtless  have  a  large  effect  in  the  intermittent  wind 
circulation.  Also,  the  region  of  prevailing  westerlies,  by  producing  a 
constant  circulation  around  the  north  pole,  sometimes  called  the 
circumpolar  whirl,  must  produce  a  constant  tendency  for  a  low  alti- 
tude current  to  creep  along  the  earth's  surface  in  a  northerly  direction 
as  explained  on  page  43. 

STORMS 

A  storm  may  be  defined  as  a  movement  of  the  air  accompanied 
by  precipitation.  Precipitation  in  any  storm  is  very  unevenly  dis- 
tributed, even  within  limited  areas.  "A  difference  of  50  per  cent 
within  five  miles  or  100  per  cent  within  ten  miles  can  easily  occur. 
From  a  study  of  many  gages  located  within  ten  miles  of  Berlin,  Hellman 
found  that  even  in  monthly  totals,  gages  1500  feet  apart  were  as  likely 
as  not  to  differ  5  per  cent,  while  of  course  in  special  rains  they  would 
differ  100  per  cent."* 

The  distribution  of  normal  annual  rainfall  over  the  eastern  United 
States  is  shown  on  figure  5,  a  map  of  the  country  east  of  the  103d 
meridian,  on  which  are  drawn  isohyetal  lines  (lines  of  equal  rainfall) 
for  each  10  inches.  The  map  is  the  latest  issued  by  the  Weather 
Bureau,  and  is  based  on  records  of  about  1600  stations  for  the  20-year 
period  1895-1914,  and  2000  additional  records  from  5  to  19  years  in 
length,  uniformly  adjusted  to  the  same  period. 

Rainfall  is  dependent  originally  upon  the  evaporation  of  water 
into  the  air.  In  the  form  of  water  vapor  it  may  then  be  transported 
long  distances  by  the  winds.  Before  precipitation  can  occur  con- 
densation must  be  produced  by  cooling.  The  cooling  may  be  caused 
by  contact  with  cold  surfaces  or  with  cold  layers  of  air,  by  adiabatic 
expansion  while  rising  to  greater  altitudes,  by  radiation,  and  by  mixing 
with  colder  air.  The  oceanic  areas  of  the  torrid  zone  are  the  most 
extensive  source  for  evaporation,  although  it  is  to  be  remembered  that 
even  on  land  surfaces  a  large  fraction  of  the  annual  rainfall  is  re- 

*  Willis  L.  Moore,  Descriptive  Meteorology,  New  York,  1910,  page  209. 
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evaporated  again  into  the  air.  The  water  precipitated  as  rain  comes 
therefore  from  these  two  distinct  sources,  each  of  which  may  pre- 
ponderate according  to  the  nature  of  the  storm.  ThuS|  thunderstorms 
derive  their  supply  mainly  from  land  siuiace  evaporation,  while 
cyclonic  storms  which  are  caused  primarily  by  warm  moisture  bearing 
winds  blowing  from  the  tropics,  are  fed  largely  by  evaporation  from 
the  ocean. 


FIG.  6.— NORMAL  ANNUAL  RAINFALL  OVER;  THE  EASTERN 

UNITED  STATES. 

The  normal  annual  precipitation,  as  will  be  seen  from  an  inspection 
of  the  isohyetals,  exhibits  a  decided  variation  in  amount  for  different 
parts  of  the  eastern  United  States.  This  variation  is  a  climatic  feature 
traceable  to  factors,  both  general  and  local  in  character,  the  most 
important  of  which  are  latitude,  proximity  to  oceans,  and  altitude. 
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The  annual  amount  of  rainfall  tends  to  diminish  as  the  latitude 
increases.  Broadly  stated,  in  the  eastern  United  States,  the  normal 
annual  precipitation  ranges  from  about  60  inches  along  the  gulf 
coast  to  about  30  inches  along  the  Canadian  line. 

Rains  caused  by  moisture-laden  air  from  the  Gulf  of  Mexico  and 
the  Atlantic  Ocean  exert  a  marked  influence  in  swelling  the  annual 
precipitation  in  the  southeastern  parts  of  the  United  States.  Con- 
versely, as  the  distance  from  these  bodies  of  water  increases  this  in- 
fluence becomes  less.  This  is  particularly  noticeable  in  the  great 
plains  region  immediately  west  of  the  Mississippi  River,  where  the 
lack  of  moisture  from  the  gulf  region  causes  the  annual  rainfall  to 
diminish  rapidly  in  a  westward  direction.  The  isohyetals  here  run 
nearly  north  and  south  with  a  marked  easterly  inclination  in  the 
northerly  latitudes  caused  by  the  influence  of  these  latitudes  tending 
to  decrease  rainfall. 

Increase  of  altitude  usually  is  accompanied  by  increased  rainfall, 
but  this  is  largely  local  in  effect.  Except  for  these  local  variations, 
which  may  be  very  appreciable  in  amount,  the  effect  of  topography  on 
rainfall  is  popularly  much  overestimated.  Mountain  ranges,  by  forc- 
ing air  currents  to  higher  altitudes,  induce  precipitation  and  so  cause 
the  annual  precipitation  to  run  high  on  the  sides  exposed  to  pre- 
vailing winds.  This  very  action  is,  however,  responsible  for  greatly 
decreased  rainfall  on  the  leeward  sides  of  such  mountain  ranges, 
although  the  elevation  there  may  also  be  considerable.  The  great 
plains  region  west  of  the  Mississippi  River  rises  5000  feet  in  about 
750  miles  to  the  foot  of  the  Rocky  Mountains.  Yet  its  normal  annual 
precipitation  shows  a  decrease  in  going  westward  of  over  25  inches. 
This  shows  that  latitude  and  proximity  to  the  ocean  may  be  more 
potent  factors  than  altitude. 

It  is  convenient  to  consider  storms  in  the  eastern  United  States 
as  being  of  three  classes:  cyclones.  West  Indian  hurricanes,  and 
thundershowers. 

Cyclones 

Cyclones,  frequently  called  extratropical  cyclones,  to  distinguish 
them  from  the  tropical  cyclones  or  West  Indian  hurricanes,  are  dis- 
turbances of  var3ring  intensity  which  pass  over  the  United  States  with 
more  or  less  regularity,  in  a  general  easterly  direction,  and  are  usually 
accompanied  by  rainfall  over  extensive  areas.  Their  action  will  be 
understood  from  the  following  considerations. 

When  a  mass  of  air  covering  a  large  area  moves  from  south  to  north 
there  must  be,  as  explained  on  page  47,  a  tendency  towards  the 
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accumulation  of  pressure  on  the  right  hand  or  east  side  of  the  moving 
mass;  or,  what  is  the  same  thing,  the  production  of  an  area  of  low 
pressure  on  the  western  side.  Conversely,  if  air  moves  from  north 
to  south  the  pressure  will  be  low  to  the  east  of  the  moving  mass  and 
high  to  the  west  of  it. 

On  the  daily  weather  map,  isobars  or  lines  of  equal  atmospheric 
pressure  at  the  earth's  surface  are  drawn  in  accordance  with  the 
daily  simultaneous  observation  of  the  pressure  at  stations  scattered 
over  the  whole  country.  The  high  and  low  pressure  areas  are  usually 
inclosed  by  oval  shaped  isobars,  and  are  commonly  spoken  of  as  the 
highs  and  lows  of  the  weather  maps.  The  lows  are  generally  more 
definite  than  the  highs.  The  lows  and  highs  are  usually  from  500  to 
1000  miles  apart  and  drift  across  the  country  from  west  to  east  in  a 
more  or  less  regular  and  constant  succession. 

A  low  pressure  area,  as  shown  on  a  weather  map,  furnishes  a  most 
convenient  and  useful  epitome  or  short-hand  indication  of  the  weather 
conditions  existing  and  impending  over  an  area  extending  for  several 
hundred  miles  in  every  direction  from  its  center.  Around  a  low 
the  wind  circulation  is  in  general  counter-clockwise,  that  is,  in  a 
northerly  direction  to  the  east  of,  and  in  a  southerly  direction  to  the 
west  of  the  low.  This  gyratory  or  cyclonic  movement  has  given  rise 
to  the  use  of  the  term  cyclone  as  applied  to  weather  disturbances 
accompanying  low  pressure  areas.  The  result  of  this  general  wind 
circulation  is  that  east  of  a  low  the  southerly  winds  bring  a  slowly 
rising  temperature,  while  west  of  a  low  the  northerly  winds  produce 
cold.  As  a  low  in  its  easterly  motion  drifts  over  a  given  station,  there 
is  often  a  sudden  change  in  wind  and  temperature,  producing  the 
marked  cold  waves  particularly  noticeable  in  winter. 

In  the  area  to  the  east  of  a  low  the  southerly  winds  bring  moisture 
from  the  Gulf  of  Mexico  and  Atlantic  Ocean  into  the  cooler  northern 
latitudes,  leading  to  the  formation  of  clouds  and  precipitation.  Hence, 
in  this  area  there  is  always  a  more  or  less  general  rainfall.  The  in- 
tensity of  rainfall  is  dependent  on  a  variety  of  causes,  sometimes  it 
seems  somewhat  proportional  to  the  strength  of  the  winds.  The  con- 
densation of  water  vapor  apparently  takes  place  chiefly  in  the  lower 
mile  of  the  atmosphere,  and  is  probably  assisted  by  local  vertical 
displacements  of  masses  of  air  in  a  manner  similar  to  the  action  in 
tropical  hurricanes  and  thundershowers  to  be  described  later.  The 
prediction  of  weather  changes  is  based  chiefly  upon  the  geographical 
movement  of  low  pressure  areas  as  determined  by  observation  of 
previous  similar  cases.  The  lows  are  much  more  frequent,  definite, 
and  energetic  in  winter  than  in  summer,  with  the  result  that  our 
alternations  of  warm  threatening  weather  and  cold  clear  weather  are 
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correspondingly  more  frequent  and  marked  in  the  winter;  but  not- 
withstanding this  fact;  our  precipitation  is,  on  the  average,  greater 
in  summer  because  of  the  greater  capacity  of  the  air  for  carrying  water 
vapop  on  account  of  the  higher  temperatures  prevaiUng  during  that 
season. 

About  120  cyclonic  disturbances  cross  the  country  per  year.  In 
passing  across  the  continent,  cyclonic  centers  show  generally  a  tend- 
ency to  avoid  crossing  areas  of  high  elevation,  such  as  mountain  ranges 
and  high  plateaus,  except  in  the  cold  season. 

Rates  of  Travel  of  Cyclones  and  Precipitation  Areas 

Cyclones  have  a  fairly  definite  rate  of  motion  in  passing  across  the 
continent.  An  examination  of  the  charts  published  by  the  Weather 
Bureau,  in  Supplement  No.  1  of  the  Monthly  Weather  Review,  1914, 
which  illustrates  types  of  storms  and  their  movements,  shows  that 
the  average  hourly  movement  of  a  cyclone  center  varies  from  less  than 
20  miles  in  summer  to  over  40  miles  in  winter. 

It  might  be  supposed  that  the  center  of  precipitation  would  have 
about  the  same  velocity  of  translation  as  the  center  of  the  low  pressure 
area,  since  it  generally  occurs  in  the  south  or  southeast  quarter  of 
the  latter  in  the  eastern  part  of  the  United  States.  A  study  was  made 
of  33  of  the  most  important  rainstorms  in  the  eastern  United  States, 
for  which  data  are  available.  Further  reference  to  these,  together 
with  maps,  will  be  found  in  a  subsequent  chapter.  This  study  showed 
that  the  rate  of  travel  of  the  area  of  precipitation  was  so  erratic  as  to 
be  practically  indeterminable,  although  definitely  greater  in  winter 
than  in  summer.  About  all  that  can  be  said  is  that  the  direction  of 
movement  is  generally  the  same  as  that  of  the  low.  Several  reasons 
suggest  themselves  for  the  erratic  nature  of  rainfall  travel:  (a)  the 
lows  themselves  are  far  from  uniform  in  velocity  of  movement;  (b)  in 
the  Upper  Mississippi  and  Ohio  River  valleys  the  direction  from  which 
moisture  bearing  winds  can  approach  a  low  is  restricted;  (c)  rainfall 
gaging  stations  are  too  far  apart  to  permit  drawing  accurate  con- 
clusions; (d)  the  rate  of  precipitation  is  far  from  uniform;  (e)  the 
distance  from  the  center  of  the  low  to  the  center  of  precipitation  varies 
greatly  in  the  same  and  in  different  storms. 

West  Indian  Hurricanes 

West  Indian  hurricanes,  or  tropical  cyclones,  have  many  features 
in  common  with  the  extratropical  cyclones  just  described,  but  differ 
from  them  in  some  important  respects.  The  differences,  however, 
are  of  consequence  only  when  the  tropical  cyclone  appears  in  its 
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typical  form.  When  a  tropical  cyclone  reaches  a  continental  land  area 
its  prime  characteristics  of  enormous  wind  velocities,  calm  central  eye, 
and  uniformly  distributed  cloud  area,  are  rapidly  transformed  by  the 
changed  conditions  and  it  takes  on  the  characteristics  of  an  extra- 
tropical  cyclone.  Thus  it  is  only  the  Gulf  and  South  Atlantic  Coast 
regions  in  the  United  States  which  receive  the  tropical  cyclone  in  its 
full  force.  The  reasons  for  this  will  appear  more  clearly  after  this 
type  of  storm  is  described. 

As  its  name  implies  the  tropical  cyclone  originates  in  the  tropics. 
Those  which  reach  the  United  States  are  always  formed  north  of  the 
Equator,  usually  in  from  8  to  12  degrees,  north  latitude,  a  region  of 
calm  or  very  light  variable  winds.  The  capacity  of  the  air  for  water 
vapor  is  great  and  it  is  almost  completely  saturated,  producing  an 
ideal  condition  for  vigorous  convection  currents.  This  is  what  actually 
takes  place:  The  superheated  moist  air  rises,  some  of  the  water  vapor 
condenses  at  a  relatively  low  altitude,  releasing  latent  heat,  thus 
giving  new  impetus  to  the  rising  current  and  consequently  to  the 
spirally  inflowing  air  at  the  base  of  the  convection  flue.  This  of  course 
results  in  a  greater  rate  of  condensation,  release  of  latent  heat,  and 
increased  velocity  of  convection  current.  Thus  the  embryo  tropical 
cyclone  grows  and  builds  itself  up,  feeding  on  the  energy  stored  in 
water  vapor  as  latent  heat.  The  winds  soon  attain  great  velocities, 
frequently  more  than  100  miles  an  hour,  and  as  the  velocity  increases 
a  very  low  pressure  area  is  formed  at  the  center  of  the  whirl.  Nimbus 
clouds,  evenly  distributed  over  the  entire  area  of  disturbance,  except 
for  the  calm  central  eye,  are  formed  by  the  rapid  condensation,  and 
torrential  rains  fall.  The  temperature  and  moisture  of  the  atmosphere 
in  all  the  quadrants  is  the  same,  the  former  being  greater  and  the 
latter  less  in  the  calm  central  eye  than  in  other  parts  of  the  area. 

The  necessary  conditions  for  the  development  of  a  tropical  cyclone, 
that  is,  great  absolute  humidity,  a  surface  of  little  frictional  resistance, 
and  undisturbed  terrestrial  winds,  are  to  be  found  only  on  a  water 
surface  near  the  equator,  and,  since  in  the  northern  hemisphere  the 
trade  winds  come  from  the  northeast,  the  most  favorable  conditions 
exist  on  the  west  side  of  an  ocean.  Furthermore,  since  tropical  con- 
ditions extend  farthest  north  in  late  summer,  this  is  the  most  favorable 
time  for  the  development  of  tropical  cyclones  in  this  hemisphere,  and 
it  is  then  that  most  of  them  occur.  The  direction  of  the  spirally 
inflowing  winds  at  the  bottom  of  the  convection  flue  is  in  a  counter- 
clockwise direction,  due  to  the  influence  of  the  terrestrial  wind  system. 
In  general,  the  cyclone  moves  in  a  northwesterly  direction,  slowly  at 
first,  and  then  with  somewhat  increased  velocity.  About  latitude  30 
the  direction  of  movement  of  the  tropical  cyclone  gradually  changes 
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to  northeast  to  conform  to  the  changed  direction  of  terrestrial  winds. 
Thus  the  cyclone  track  is  a  parabola,  convex  westward,  with  its  vertex 
at  about  30  degrees  north  latitude. 

When  the  cyclone  moves  on  to  the  North  American  continent,  its 
characteristics  are  rapidly  changed.  The  high  wind  velocity  is  reduced 
by  friction,  the  moisture  is  now  supplied  from  only  one  instead  of 
from  all  four  quarters,  and  its  amount  from  this  quarter  rapidly 
decreases  as  the  cyclone  moves  inland,  thus  cutting  off  the  source  of 
its  violent  energy.  As  stated  before,  the  tropical  cyclone  quickly 
assumes  the  characteristics  of  the  extratropical  cyclone.  About  10 
West  Indian  hurricanes  touch  the  United  States  each  year,  most  of 
them  occurring  in  late  summer.  On  the  average  less  than  one  per 
annum  is  violent  or  destructive. 

Thunderstorms 

Thunderstorms  are  so  familiar  to  everyone  that  they  hardly 
need  description.  They  are  comparatively  local  in  extent,  the  cloud 
area  rarely  being  larger  than  150  or  200  miles  long  by  40  or  50  miles 
wide  and  rarely  causing  precipitation  over  an  area  more  than  300 
miles  long.  They  are  not  confined  to  any  particular  region  or  time 
of  year,  but  occur  most  frequently  in  the  hottest  season  of  the  year 
and  warmest  part  of  the  day. 

The  conditions  requisite  for  the  origin  and  growth  of  a  thunder- 
storm are  a  pocket  of  warm  moist  air,  with  some  source  of  energy  to 
cause  this  to  rise  rapidly.  These  conditions  are  most  frequent  and 
pronounced  in  the  southern  part  of  low  barometric  areas  during  the 
afternoon  of  hot  summer  days,  and  it  is  under  such  conditions  that 
thunderstorms  are  most  frequent  and  violent. 

There  are  three  fairly  well  defined  causes  for  warm  moist  air  to 
rise  and  cool  with  sufficient  rapidity  to  result  in  a  thunderstorm. 
In  the  order  of  their  importance;  these  are:  (1)  Convection;  (2)  Over- 
running or  underrunning  cool  dry  currents  of  air;  (3)  Local  topog- 
raphy, such  as  mountains. 

Convection  is  so  well  understood  that  it  requires  no  further  ex- 
planation here.  When  convection  alone  is  active  in  forcing  upward  a 
moist  quantity  of  air  it  is  simply  a  question  as  to  whether  its  action 
is  vigorous  enough  to  cause  precipitation. 

In  the  southern  quadrant  of  lows  there  is  frequently  developed  a 
wind  shift  line.  The  normal  direction  of  wind  in  that  quadrant  is 
of  course  from  west  to  east.  When  the  wind  shift  line  is  most  com- 
pletely developed  it  is  a  northeast-southwest  line,  along  the  southeast 
side  of  which  the  wind  direction  is  parallel  to  the  line,  and  on  the 
northwest  side  of  which  the  wind  direction  is  approximately  per- 
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pendicular  to  the  line.  As  a  natural  result  of  this  condition,  the  cool 
dry  northwest  wind  frequently  undemins  the  warm  moist  southern 
wind,  forcing  the  latter  upward,  or  overruns  il  and  the  greater  weight 
of  this  cool  dry  air  above  the  moist  warm  air  sets  up  vigorous  convec- 
tion currents.  In  either  case  rapid  rising  and  condensation  of  the 
water  vapor  in  the  moist  warm  air  is  the  result.  Thunderstorms  from 
this  source  may  occur  at  any  time  of  year,  though  of  course  they  are 
most  violent  in  summer,  due  to  the  fact  that  the  absolute  humidity 
of  the  atmosphere  is  greatest  at  this  time  of  year. 

The  third  cause  of  thunderstorms,  that  of  local  conditions,  is 
generally  confined  to  mountain  or  coastal  regions,  and  is  principally 
due  to  warm  moist  air  blowing  against  mountains  and  thus  being 
forced  to  rise,  cool,  and  lose  its  moisture. 

The  clouds  and  storm  characteristics  of  all  three  processes  are  the 
same.  As  condensation  proceeds  a  dense  cumulus  cloud  area  is 
formed  having  a  characteristic  anvil  shape  when  seen  from  the  side. 
This  cloud  mass  sometimes  becomes  two  or  three  miles  thick,  or  even 
more.  Condensation  continues,  the  cloud  area  grows,  becomes 
denser,  is  transformed  into  the  cumulo-nimbus  t3rpe,  and  rain  begins 
to  fall.  This  frequently  becomes  very  intense  over  considerable  areas. 
The  storm  usually  travels  from  west  to  east,  that  being  the  direction 
of  the  winds  in  the  southern  part  of  a  low,  at  an  average  rate  of  30  or 
40  miles  an  hour.  Lightning  and  thunder  are  characteristic  inci- 
dental phenomena.  The  cooling  of  the  air  under  the  cloud,  due  to 
rain  passing  through  it  and  the  exclusion  of  the  sun's  rays,  sets  up 
vigorous  eddy  currents  and  produces  squall  winds  in  front  of  the  cloud, 
which  may  attain  destructive  velocities.  Such  storms  usually  last 
only  a  few  hours. 

LIST  OF  BOOKS  ON  METEOROLOGY 

From  the  large  number  of  works  dealing  with  this  subject,  the 
following  have  been  selected  as  likely  to  prove  most  useful  to  those 
wanting  some  technical  information  but  not  desiring  to  make  an 
exhaustive  study.  Besides  the  books  here  listed,  the  Weather  Bureau 
publishes  the  daily  weather  maps,  the  Monthly  Weather  Review,  and 
numerous  pamphlet  instructions  and  bulletins. 

In  the  following  list  the  more  general  and  elementary  works  are 
put  first,  the  specialized  and  technical  treatises  last,  arranged  some- 
what in  order  of  difficulty.  Many  of  those  in  the  first  part  of  the  list 
are  much  alike,  but  the  large  number  is  included  because  they  are  the 
ones  most  likely  to  be  found  in  the  smaller  public  Ubraries,  which 
might  have  some  but  not  all  of  them.  Where  no  other  distinction  is 
drawn  the  books  follow  date  of  publication  beginning  with  the  earlier. 
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Gbeelt,  a.  W.,  American  Weather,  8^,  XII  +  286  pp.,  32  figures  and  24  plates. 
Dodd,  Mead  &  Co.,  New  York,  1888.    (Out  of  print.) 

Datis,  W.  M.,  Elementary  Meteorology,  8^  XII  +  355  pp.,  106  figures  and  6 
charts.    Ginn  Sc  Co.,  Boston,  1804,  $2.50. 

Waldo,  Frank,  Modem  Meteorology,  12^  XXIII  +  460  pp.,  112  figures, 
Qiarles  Scribner's  Sons,  New  York,  1893,  S1.50.  The  text  contains  a  fuller  technical 
treatment  of  circulation  of  the  atmosphere  than  do  most  of  the  general  works. 

Waldo,  Fbank,  Elementary  Meteorology,  12®,  374  pp.,  American  Book  Co., 
New  York,  1806,  S1.50. 

MooBE,  W.  L.,  Descriptive  Meteorology,  8^  XVIII  +  344  pp.,  81  figures  and 
45  plates.    D.  Appleton  &  Co.,  New  York,  1910,  $3.00  net. 

MiLHAM,  W.  I.,  Meteorology,  8'',  XVIII  +  600  pp.,  157  figures  and  50  plates. 
The  Macmillan  Co.,  New  York,  1912,  $4.50  net. 

Wabd,  R.  De  C,  Practical  Ebcercises  in  Elementary  Meteorology,  8°,  XIII  + 
199  pp.,  Ginn  &  Co.,  Boston,  1899,  $1.12.  An  elementary  work  prepared  for  use  as  a 
high  school  text. 

Ward,  R.  De  C,  Climate,  8^  XVI  +  372  pp.,  34  figures.  Putnam's,  New 
York,  1908,  $2.00  net. 

Abbe,  Cleveland,  "  Meteorology"  in  the  Encyclopedia  Britannica,  11th  edition. 
A  very  satisfactory,  condensed,  technical  article. 

Abbe,  Cleveland,  The  Mechanics  of  the  Earth's  Atmosphere,  8^,  324  pp. 
(Smithsonian  miscellaneous  collections — 843).  The  Smithsonian  Institution,  Wash- 
ington, 1891.  This  is  a  second  collection  of  translations  of  important  separate  articles 
from  European  sources  dealing  with  meteorology.  Most  of  the  articles  are  mathe- 
matical in  treatment. 

Abbe,  Cleveland,  The  Mechanics  of  the  Earth's  Atmosphere,  8^,  IV  +  618  pp. 
(Smithsonian  miscellaneous  collections,  volume  51,  number  4,  publication  1869.) 
The  Smithsonian  Institution,  Washington,  1910.  This  is  the  third  collection  of  trans- 
lations from  foreign  sources  by  Mr.  Abbe  and  is  by  far  the  most  useful  and  important 
of  the  various  collections.    Most  of  the  articles  contain  much  mathematics. 

Salibbubt,  R.  D.,  Physiography,  8^  XX  +  770  pp.,  707  figures  and  26  plates. 
Henry  Holt  &  Co.,  New  York,  1907,  $3.50.  About  200  pages  of  this  work  deal  with 
meteorology. 

Smithsonian  Meteorological  Tables,  8°,  LX  +  280  pp.  (Smithsonian  mis- 
cellaneous collections — 1032).  The  Smithsonian  Institution,  Washington,  third 
revised  edition,  1907.    A  very  useful  collection  of  tables.     (Out  of  print.) 

Weather  Forecasting  in  the  Unitbd  States,  by  a  board  composed  of  A.  J. 
Henry,  chairman,  £.  H.  Bowie,  H.  J.  Cox,  and  H.  C.  Frankenfield,  8°,  370  pp.,  199 
figures  and  plates.  An  official  publication  of  the  U.  S.  Weather  Bureau,  Govern- 
ment Printing  Office,  Washington,  1916.  This  work  is  intended  as  an  official  text- 
book covering  all  the  forecasting  methods  in  use  by  the  Weather  Bureau  officials. 
Parts  of  the  work  are  contributed  by  others  than  those  named  above.  A  veiy  com- 
plete treatise  on  the  subject  of  forecasting. 

Ferrel,  William,  Recent  Advances  in  Meteorology,  8^,  440  pp.,  numerous 
iUustrations.  Published  as  part  2  or  appendix  71  of  Annual  Report  of  the  Chief 
Signal  Officer  of  the  Army  for  the  year  1885.  Government  Printing  Office,  Washing- 
ton, 1886.  A  technical  treatise  systematically  arranged  in  the  form  of  a  textbook  for 
use  in  the  Signal  Service  school  of  instruction  and  also  as  a  handbook  in  the  office  of 
the  chief  signal  officer. 

Ferrel,  William,  A  Popular  Treatise  on  the  Winds,  second  edition,  8%  VIII 
+  505  pp.,  numerous  illustrations,  John  Wiley  &  Sons,  New  York,  1889,  $4.00.    This 
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was  written  for  readers  familiar  with  only  elementary  mathematics,  but  it  is  doubtful 
whether  the  effort  to  simplify  the  treatment  has  made  the  subject  intelligible  to  those 
who  are  not  specialists  in  the  field. 

BiGEiiOw,  F.  H.|  Report  on  the  International  Cloud  Observations,  May  1, 1896, 
to  July  1,  1897,  4**,  787  pp.,  many  illustrations  and  plates.  Published  as  volume  II 
of  the  Report  of  the  Chief  of  the  Weather  Bureau  for  1898-99.  Government  Printing 
Office,  Washington,  1900.  This  report  is  veiy  technical  and  mathematical  in  parts 
and  doubtless  is  the  most  complete  treatment  in  English  of  considerable  portions  of 
the  whole  science  of  meteorology. 

Hann,  Julius,  Lehrbuch  der  Meterologie,  4^,  XI  +  642  pp.;  first  edition,  Leip- 
zig, 1901;  second  edition,  Leipzig,  1906. 

Hann,  Julius,  Handbook  of  Climatology,  Part  I,  General  Climatology,  trans- 
lated from  the  second  German  edition  by  R.  De  C.  Ward,  8^  XIV  +  437  pp.,  11 
figures.  The  Macmillan  Company,  New  York,  1903.  This  work  covers  volume  1  of 
the  German  edition,  is  complete  in  itself,  and  is  the  standard  work  on  the  subject. 
(Out  of  print.) 

Hann,  Julius,  Handbuch  der  Klimatologie,  second  edition,  3  vols.,  404,  384, 
and  576  pp.,  Stuttgart,  1897;  third  edition.  Vol.  1,  XIV  +  394  pp.,  Stuttgart,  1908; 
third  edition.  Vol.  2,  XII  +  426  pp.,  Stuttgart,  1910. 


CHAPTER  IV.— SOURCES  OF  DATA  AND 
METHODS  OF  COMPILATION 


METEOROLOGICAL    OBSERVATIONS   IN   THE   UNITED 

STATES 

The  earliest  record  of  systematic  daily  weather  observations  made 
in  America,  of  which  we  have  any  knowledge,  is  that  for  the  years 
1644-1645,  made  by  John  Companius,  a  Swedish  clergyman,  living 
near  Wilmington,  Delaware.  From  that  time  until  the  early  part  of 
the  nineteenth  century,  a  few  men  possessing  scientific  curiosity  were 
attracted  to  the  study  of  weather  conditions  and  made  daily  observa- 
tions for  varying  lengths  of  time,  but  rarely  or  never  contemporane- 
ously. These  observations  were  too  meager  in  scope  and  of  too  short 
duration  to  be  of  general  utility. 

In  1814  the  Surgeon  General  of  the  United  States  Army  made  it 
the  duty  of  each  hospital  surgeon  and  director  of  a  department  to 
keep  a  diary  of  the  weather.  No  attempt  was  made  to  systematize 
the  observations  or  to  standardize  the  instruments  with  which  they 
were  made,  and  the  results  were  necessarily  vague.  This  service  was 
continued  until  the  outbreak  of  the  Civil  War.  A  part  of  the  results 
were  published  in  three  volumes  entitled  Meteorological  Registers; 
the  last,  published  in  1851,  covers  the  period  from  1831  to  1842. 

Contemporaneous  with  the  foregoing  observations  were  those 
begun  in  1817  by  Josiah  Meigs,  then  Commissioner  of  the  General 
Land  Office.  He  prepared  blank  forms  for  taking  meteorological 
data,  and  issued  them  to  the  local  land  offices  scattered  throughout 
the  states.  This  service  was  later  transferred  to  the  IT.  S.  Patent 
Office,  and  continued  until  1859. 

Early  in  the  nineteenth  century  the  State  of  New  York  established 
a  literature  fund,  a  part  of  which  was  devoted  to  collecting  meteoro- 
logical data  at  several  educational  institutions  in  the  state.  Albany 
Academy  began  collecting  such  data  under  this  fund  in  1825,  and  is 
still  continuing  this  work.  It  has  cooperated,  first,  with  the  Smith- 
sonian Institution;  second,  with  the  Signal  Service  of  the  United 
States  Army,  and  last,  with  the  U.  S.  Weather  Bureau.  At  the  time 
this  station  was  estabhshed,  Joseph  Henry  was  connected  with  the 
Academy  and  became  familiar  with  the  meteorological  work  being 
done  there.    When  he  was  chosen  as  the  £irst  Secretary  of  the  Smith- 
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sonian  Institution,  upon  the  founding  of  the  latter  in  1846,  he  made 
plans  for  organizing  "a  system  of  extended  meteorological  observations 
for  solving  the  problem  of  American  storms."*  He  called  to  his  aid 
James  P.  Espy  and  Elias  Loomis,  two  scientists  already  well  known 
for  their  studies  in  meteorology.  On  December  16,  1847,  the  Board 
of  Regents  of  the  Smithsonian  Institution  appropriated  $1000  for 
inaugurating  the  work,  but  Mr.  Henry  realized  the  impossibility  of 
establishing  stations  with  so  small  an  amount  and  used  it  for  the 
purchase  of  observing  instruments.  In  August  of  the  following  year, 
Espy  was  appointed  Meteorologist  of  the  Navy  Department,  was 
given  an  appropriation  by  Congress,  and  was  directed  to  cooperate 
with  the  Smithsonian  Institution.  Henry  and  Espy  then  formulated 
plans  for  establishing  a  large  number  of  observing  stations  scattered 
over  the  entire  country.    These  stations  were  of  three  classes: 

1.  Stations  without  instruments,  where  observations  were  made 
of  frost,  cloudiness,  the  direction  of  the  wind,  and  the  time  of  beginning 
and  ending  of  rain. 

2.  Stations  supplied  with  thermometers,  where  in  addition  to  the 
above  the  daily  maximum  and  minimum  temperatures  were  recorded. 

3.  Stations  equipped  with  full  sets  of  instruments,  consisting  of 
barometer,  thermometers,  hydrometer,  wind  vane,  and  snow  and 
rain  gage. 

These  instruments  were  all  standardized.  In  February,  1849,  a 
call  for  voluntary  observers  was  sent  out  and  412  responded,  143  of 
whom  had  formerly  worked  under  Espy's  direction.  This  is  the  real 
origin  of  the  United  States  Weather  Bureau.  The  work  was  almost 
totally  discontinued  during  the  Civil  War,  and  in  1865  many  valuable 
records  and  instruments  were  destroyed  by  fire,  but  the  importance  of 
the  service  had  been  too  clearly  shown  to  allow  the  work  to  be  dis- 
continued. 

In  1870  Congress  passed  a  joint  resolution  placing  the  work  under 
the  direction  of  the  Chief  Signal  Officer  of  the  United  States  Army. 
Later  by  act  of  Congress,  approved  October  1,  1890,  the  work  was 
reorganized  as  the  Weather  Bureau  and  placed  under  the  U.  S.  Depart- 
ment of  Agriculture.  All  meteorological  records  previously  taken 
were  transferred  to  the  new  bureau. 

There  are  a  number  of  observing  stations  in  the  United  States 
which  were  established  and  conducted  by  private  individuals  prior  to 
1846,  when  the  Smithsonian  Institution  imdertook  the  work.  The 
long  time  records  of  these  isolated  stations  when  supplemented  by 
the  later  records  are  of  great  value  in  determining  the  frequency  of 
storms  of  different  degrees  of  intensity. 

*  Report  of  the  Smithsonian  Institution,  1846. 
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As  stated  above,  the  Smithsonian  Institution  records  are  incom- 
plete prior  to  1865,  but  after  that  year  there  are  no  serious  interrup* 
tions.  A  large  number  of  new  stations,  made  possible  by  the  more 
generous  appropriations,  were  established  between  1870  and  1875  by 
the  Army  Signal  Service.  There  are  now  about  200  so-called  Regular 
Weather  Bureau  Stations.  These  are  the  most  important  and  com- 
pletely equipped  stations  of  the  i^ervice,  each  one  representing  a 
territory  of  about  15,000  square  miles.  Observations  are  taken  daily 
at  8  a.  m.  and  8  p.  m.,  75th  meridian  time,  by  trained  observers 
employed  by  the  Weather  Bureau.  There  is  a  continuous  recording 
attachment  to  the  rain  gage,  by  which  it  is  possible  to  determine  the 
rate  of  precipitation  and  the  total  for  the  storm  at  any  time.  By  this 
means  it  is  possible  to  compute  the  precipitation  from  midnight  to 
midnight,  and  it  is  this  figure  which  appears  on  the  reports.  In  addi- 
tion to  the  regular  Weather  Bureau  stations,  the  service  includes 
about  4500  cooperative  stations  throughout  the  United  States,  oper- 
ated by  voluntary  observers.  These  stations  are  equipped  with  fewer 
instruments  than  the  regular  stations,  but  those  used  are  tested  and 
are  of  the  same  high  grade.  The  rain  gages  do  not  give  a  continuous 
record  of  the  precipitation.  Observations  are  made  once  each  day 
at  about  8  a.  m.  or  8  p.  m.,  75th  meridian  time. 

The  Weather  Bureau  also  maintains  so-called  River  Stations, 
where  river  gage  readings  are  taken;  these  generally  perform  the 
functions  of  the  cooperative  stations  also.  The  records  for  many  of 
the  stations  are  incomplete  for  one  or  more  years,  due  to  various  causes, 
but  these  interruptions  of  the  service  at  individual  stations  are  of 
slight  importance  when  the  records  for  all  the  stations  are  considered. 

In  1883  cooperative  stations,  known  as  Cotton  Stations,  operated 
by  voluntary  observers,  began  to  be  established  in  the  cotton  growing 
sections;  observations  are  made  daily  at  8  a.  m.,  75th  meridian  time, 
during  the  crop  growing  season.  In  1896  similar  service  was  extended 
to  the  com  and  wheat  sections.  Observations  are  not  made  at  these 
stations  during  the  winter  months  from  November  to  April,  and  for 
this  reason  the  data  taken  at  such  stations  has  not  been  of  much 
value  in  these  investigations. 

EXISTING  WEATHER  BUREAU  RECORDS 

The  records  of  the  Weather  Bureau  available  at  Washington, 
D.  C,  and  consulted  for  this  investigation  are  as  follows: 

I.  Smithsonian  Institution  Records:  About  400  volumes.  All 
records  prior  to  1873  except  military  records,  taken  principally  during 
the  period  from  1848  to  1873;  bound  by  months,  each  volume  con- 
taining the  data  for  all  the  stations  in  the  United  States  for  one  month. 
Voluntary  observers. 
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II.  Military  Station  Records:  (1)  Original  monthly  reports  from 
1843  to  1859  for  all  the  military  posts  in  the  United  States;  about  32 
volumes.  The  data  for  each  station  for  one  year  is  together,  2  volumes 
containing  the  data  for  all  the  stations  for  each  year.  (2)  Copies  of 
the  original  reports  from  1860  to  1892;  about  600  volumes.  The 
originals  were  kept  at  the  posts  and  copies  sent  to  Washington  from 
time  to  time.  Each  volume  contains  the  complete  record  for  one 
station  from  1860,  or  from  date  of  establishment  if  after  1860,  to  1892. 

III.  Compiled  Data  from  1860  to  Date:  About  36  volumes,  bound 
by  states,  contain  the  data  for  each  station  bound  together  for  the  period 
from  1860,  or  from  the  date  of  establishment  if  after  1860,  to  1891. 
Another  set  of  volumes  contains  compiled  data  for  regular  Weather 
Bureau,  cooperative,  and  river  stations,  generally  for  the  period 
subsequent  to  1891.  The  records  for  one  month  for  all  the  stations 
in  a  given  state  appear  together. 

IV.  Regular  Weather  Bureau  Station  Records:  Original  monthly 
reports  (daily  observations)  of  the  regular  stations  from  1872  to  date, 
bound  as  follows:  From  1872  to  1887,  for  each  month  there  is  one 
volume  containing  the  daily  observations  for  all  the  stations  in  the 
United  States;  from  1888  to  date,  for  each  year  there  are  10  to  12 
volumes  containing  the  daily  observations  for  all  the  stations  in  the 
United  States,  the  stations  being  arranged  alphabetically,  and  the 
records  at  each  station  for  the  year  appearing  together. 

v.  Data  Compiled  from  the  Records  of  the  More  Important 
Regular  Weather  Bureau  Stations:  Daily  precipitation  figures  are 
for  periods  from  midnight  to  midnight.  (1)  From  1871  to  1902  the 
data  for  stations  A  to  K  is  arranged  alphabetically  and  bound  in  10 
volumes;  data  for  stations  L  to  Z  was  never  compiled.  The  data  for 
each  station  for  the  whole  period  is  bound  together.  (2)  From  1871 
to  1891  the  data  is  arranged  alphabetically  by  stations  and  bound  in 
6  volumes.  The  data  for  each  station  for  the  whole  period  is  bound 
together,  each  page  containing  the  summarized  data  of  one  station  for 
one  year. 

VI.  Volimtary  Observers'  Records:  Original  monthly  report 
sheets,  showing  daily  precipitation  from  1874  to  date,  bound  as 
follows:  (1)  From  1874  to  1888,  about  285  volumes;  the  data  for  the 
whole  period  for  any  given  station  is  together,  and  the  data  for  each 
state  is  arranged  alphabetically  according  to  station  name.  (2)  From 
1889  to  1892,  about  60  volumes;  the  data  for  one  year  for  any  given 
station  is  together  and  the  stations  in  each  state  are  arranged  alpha- 
betically. (3)  Subsequent  to  1892,  about  350  volumes;  the  data  for 
a  period  of  3  years  for  any  given  station  is  together  and  the  stations 
in  each  state  are  arranged  alphabetically.  There  are  about  50  volumes 
for  each  3-year  period. 
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VII.  Biver  Station  Records:  Original  monthly  report  sheets, 
showing  daily  precipitation  from  1880  to  date.  Data  from  1880  to 
1910,  about  80  volumes,  bound  as  follows:  The  data  for  the  whole 
period  at  any  given  station  is  together,  arranged  alphabetically 
according  to  station  name. 

VIII.  Cotton  Station  Records:  Original  monthly  report  sheets, 
showing  daily  precipitation  from  1883  to  date;  about  24  volumes; 
bound  by  states. 

IX.  Com  and  Wheat  Station  Records:  Original  monthly  report 
sheets,  showing  daily  precipitation  from  1896  to  date;  bound  by 
states. 

X.  The  Monthly  Weather  Review  and  Climatological  Data,  two 
monthly  publications  of  the  Weather  Bureau,  were  also  referred  to. 

COMPILATION  OF  SUMMARY  OF  EXCESSIVE  PRECIPITA- 

TOIN  FOR  ENTIRE  UNITED  STATES 

From  all  the  data  in  existence  concerning  storms  in  the  United 
States,  down  to  December  31,  1914,  the  precipitation  records  were 
copied,  as  part  of  the  Miami  Valley  flood  prevention  studies,  at  the 
Weather  Bureau  in  Washington,  D.  C,  for  all  storms  exceeding  a 
certain  intensity. 

At  the  outset  it  was  manifestly  inadvisable  to  undertake  the  work 
of  making  a  complete  copy  of  all  the  precipitation  records  available 
at  the  Weather  Bureau  at  Washington.  Fortunately,  the  data  is  of 
such  a  nature  and  is  in  such  shape  that  it  is  not  an  especially  difficult 
operation  to  abstract  only  that  part  which  is  pertinent  to  the  investi- 
gation in  which  it  is  to  be  used. 

Before  the  abstraction  of  the  data  was  begun  it  was  necessary  to 
determine  as  far  as  possible  the  uses  to  which  it  might  later  be  put. 
The  entire  investigation  is  concerned  primarily  with  rainfalls  of  such 
intensity,  duration,  or  extent  as  to  endanger  life  or  cause  damage  to 
property,  and  consequently  only  the  records  of  relatively  unusual 
precipitation  were  of  interest.  One  of  the  principal  objects  of  the 
investigation  is  to  determine  the  frequency  with  which  a  damaging 
storm  may  be  expected  to  occur  in  a  given  location. 

From  the  foregoing  considerations  it  was  determined  to  consult 
the  record  of  each  station  throughout  the  entire  United  States  and  to 
abstract  all  the  precipitation  records  exceeding  an  arbitrarily  fixed 
minimum.  In  determining  this  minimum  it  was  necessary  to  have  in 
mind  that  a  sufficient  number  of  greater  values  should  be  available 
to  make  frequency  determinations  possible  for  these  excessive  pre- 
cipitations, and  yet  the  minimum  should  be  great  enough  to  avoid 
having  to  copy  a  large  amount  of  data,  of  which  no  later  use  would  be 
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made.  In  each  instance  the  record  for  the  entire  period  of  excessive 
precipitation  was  copied.  This  often  extended  over  a  number  of 
days.  It  will  be  observed  that  this  method  of  collecting  excessive 
precipitation  does  not  take  into  account  the  area  over  which  it  may 
have  occurred. 

Definition  of  Excessive  Precipitation 

Excessive  precipitation  is  defined,  for  the  purpose  of  this  investi- 
gation, as  follows:  1.  Where  the  normal  annual  precipitation  is  20 
inches  or  more,  (a)  a  1-day  rainfall  at  one  station  amounting  to  10  per 
cent  or  more  of  the  normal  annual  precipitation;  or  (b)  a  total  rain- 
fall at  one  station  amounting  to  15  per  cent  or  more  of  the  normal 
annual  precipitation,  regardless  of  the  number  of  days  in  the  period  of 
excessive  precipitation,  so  long  as  the  average  rainfall  for  the  period 
is  not  less  than  1  inch  in  24  hours.  2.  Where  the  normal  annual  rain- 
fall is  less  than  20  inches,  a  total  rainfall  of  4  inches  or  more,  regardless 
of  the  length  of  the  period,  so  long  as  the  average  rainfall  for  the 
period  is  not  less  than  1  inch  in  24  hours. 

As  there  is  little  or  no  precedent  for  an  investigation  of  this  nature, 
it  was  difficult  to  determine  beforehand  just  what  limits  to  choose  and 
the  methods  to  be  pursued  in  abstracting  the  data.  A  percentage  of 
the  normal  annual  rainfall  at  each  station,  as  the  limit  above  which 
all  rainfall  records  were  to  be  copied,  was  selected  because  it  was 
thought  a  fairly  definite  and  constant  relation  might  exist  between 
unusual  records  of  precipitation  and  the  normal  annual  rainfall  at 
any  station.  If  this  were  true,  the  number  of  values  recorded  in  the 
different  quadrangles  above  the  limits  chosen  would  vary  approxi- 
mately as  the  aggregate  years  of  record  of  all  the  stations  in  the  several 
quadrangles,  regardless  of  the  normal  annual  precipitation  in  the 
latter.  This  relation  has  proved  to  be  much  less  marked  than  was 
anticipated,  and  the  result  is  that  for  some  quadrangles  a  super- 
abundance of  records  were  copied,  while  for  others  too  few  were 
abstracted.  In  general,  the  greatest  number  of  records  above  the 
limits  assumed  occur  in  those  sections  of  the  country  where  the  normal 
annual  rainfall  is  greatest,  that  is  along  the  southern  Atlantic  and  Gulf 
of  Mexico.  The  fewest  number  of  records  above  the  limits  chosen 
occur  in  the  sections  where  the  normal  annual  rainfall  is  least,  that  is 
in  the  Green  Mountains  and  Adirondack  region,  along  the  northern 
border  of  the  United  States,  and  in  the  three  tiers  of  quadrangles 
between  the  97th  and  103d  meridians. 

Another  undesirable  element  was  introduced  by  choosing  a  per- 
centage of  the  normal  annual  rainfall  as  the  lower  limit  of  values  to 
be  abstracted.    Such  a  procedure  means  that,  since  the  normal  annual 
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rainfall  is  different  at  every  station,  the  constant  percentages  of  10 
and  15  are  also  different.  This  varying  lower  limit  proved  to  be  very 
inconvenient  in  using  the  data  for  frequency  studies,  as  will  be  ex- 
plained later.  A  much  more  simple  criterion  for  choosing  the  data 
to  be  abstracted,  and  one  which  would  have  facilitated  the  later  use 
of  it,  would  have  been  to  select  arbitrary  values,  above  which  all  data 
should  be  copied  at  all  the  stations  in  a  region  over  which  rainfall 
conditions  are  relatively  constant.  Thus  that  part  of  the  United 
States,  east  of  the  103d  meridian,  could  have  been  divided  into  four 
or  five  districts  over  each  of  which  rainfall  conditions  are  sufficiently 
constant  to  warrant  treating  in  this  manner. 

By  the  criteria  chosen,  that  is  all  values  for  1-day  rainfall  above 
10  per  cent  of  the  normal  annual,  and  for  2  or  more  days'  rainfall 
above  15  per  cent,  approximately  the  same  number  of  values  were 
found  for  1-day  and  for  5-day  and  6-day  precipitation,  but  there  was  a 
decided  scarcity  of  values  in  many  quadrangles  for  the  2-day,  3-day, 
and  4-day  periods.  This  was  especially  noticeable  in  the  extreme 
northern  and  western  quadrangles,  where  the  rainfall  is  frequently 
violent  but  generally  limited  in  duration  to  one  or  two  days.  In  the 
western  and  northwestern  quadrangles  there  are  relatively  few  sta- 
tions, and  these  are  of  short  duration,  hence  it  was  especially  desirable 
to  obtain  as  complete  data  as  its  character  would  make  possible. 
These  objects  could  have  been  accomplished  by  fixing  arbitrary  values 
for  the  several  days,  above  which  records  were  to  be  copied  from  all 
the  stations  throughout  the  region  in  question. 

Records  were  abstracted  for  only  such  stations  as  had  a  complete 
record  for  5  consecutive  years.  An  exception  to  this  rule  was  made 
of  stations  which  were  established  in  1910,  and  had  complete  records 
to  date  of  search. 

COMPUTING    MAXIMUM    ACCUMULATED    PRECIPITATION 

Specially  prepared  blanks,  as  illustrated  in  figure  6,  were  used  for 
abstracting  this  data.  A  separate  sheet  was  made  out  for  each  station 
which  has  a  complete  record  for  5  consecutive  years  (with  the  addi- 
tional stations  noted  above),  regardless  of  whether  or  not  a  period  of 
excessive  precipitation  had  been  recorded.  This  was  done  so  that 
the  record  would  show  positive  evidence  that  no  excessive  precipitation 
data  had  been  overlooked. 

From  the  summarized  data  of  the  Weather  Bureau  the  blanks  at 
the  tops  of  these  excessive  precipitation  sheets  were  filled  in  for  all 
the  stations  whose  periods  of  observation  came  up  to  the  requirements. 
To  insure  the  accuracy  of  this  operation  it  was  checked  by  reading 
back  to  the  summarized  data.    Later  the  daily  precipitation  records 
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for  these  stations  were  carefully  searched  and  the  record  abstracted 
for  all  periods  of  excessive  precipitation  whose  intensity  attained  the 
adopted  minimum  severity. 

The  figures  in  the  upper  left-hand  corner  of  the  sheet  following 
Eatab.  indicate  the  year  and  month  in  which  the  station  was  first 
established.  For  a  large  number  of  the  stations  continuous  records 
are  not  available  for  the  entire  period  since  the  station  was  first  estab- 
lished. In  many  cases  this  is  due  to  interruptions  in  the  service  of 
making  observations;  in  other  cases  the  records  were  lost  or  destroyed 
before  or  after  reaching  Washington.    The  years  for  which  complete 
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continuous  rainfall  records  are  available  are  written  directly  beneath 
the  year  and  month  of  first  establishment.  The  years  during  which 
the  station  was  in  existence,  but  during  a  part  of  which  the  rainfall 
records  are  either  fragmentary  or  entirely  wanting,  are  shown  in 
parenthesis  to  the  right. 

In  abstracting  the  excessive  precipitation  data  it  was  found  that 
the  years  of  complete  precipitation  record,  as  shown  by  the  sum- 
marized data  and  copied  at  the  top  of  the  sheets,  did  not  always  agree 
with  the  actual  records  on  file,  and  it  was  necessary  to  correct  the 
period  of  complete  record  to  correspond  with  the  data  on  file.  This 
discrepancy  occurred  chiefly  in  the  early  records,  that  is,  records  prior 
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to  1893.  All  the  records  prior  to  that  time  were  carefully  checked  to 
eliminate  the  errors  that  would  otherwise  have  entered  as  to  the 
length  of  complete  record.  After  similarly  checking  the  periods  of 
complete  record  after  1893  for  stations  whose  names  begin  with  the 
letters  from  N  to  Z,  it  was  discovered  that  very  few  errors  existed, 
and  consequently  this  check  was  not  performed  for  the  period  1893 
to  1914  for  stations  whose  names  begin  with  the  letters  from  A  to  M. 

The  mean  annual  precipitation  was  taken  directly  from  the  Weather 
Bureau  records  in  cases  for  which  it  had  been  computed;  where  this 
had  not  been  done,  it  was  taken  from  the  map,  figure  5,  showing  lines 
of  normal  annual  rainfall.  When  taken  from  the  map  and  not  com- 
puted from  the  record  it  is  shown  in  parenthesis,  thus:  (35-40) 
or  (35  ±). 

Under  the  heading  Daily  Precipitation  in  Inches  SLve  10  columns. 
Beginning  with  the  first  of  these  columns  on  the  left,  the  figures 
indicate  the  amount  of  precipitation  on  the  first  day  of  each  storm, 
followed  in  the  succeeding  columns  by  the  figures  for  the  successive 
days  in  order.  A  dash  ( — )  shows  that  no  precipitation  occurred  at 
that  station  on  the  day  in  question.  An  asterisk  (*)  indicates  that 
the  precipitation  for  that  day  is  included  in  the  figure  next  to  the 
right  of  it,  the  latter  being  the  precipitation  for  its  day  and  the  day 
or  days  marked  by  the  asterisk.  It  was  necessary  to  use  this,  since 
the  total  precipitation  for  two  or  more  days  was  frequently  recorded 
without  giving  the  amounts  for  the  separate  days.  The  work  of 
filling  in  these  columns  was  not  in  general  completely  checked  by 
reading  back  to  the  original  data.  Such  a  complete  check  was  begun, 
but  so  few  errors  were  discovered  after  spending  several  days  checking, 
it  was  decided  to  discontinue  it.  A  further  reason  for  not  verifying 
each  figure  is  the  obvious  one  that  an  error  is  not  .cumulative,  but 
can  afifect  only  the  period  of  excessive  precipitation  in  which  it  occurs. 

The  maximum  accumulated  precipitation  provided  for  on  the 
blank  form  was  computed  as  follows:  The  maximum  2-day  precipi- 
tation is  the  maximum  for  1  day  plus  that  for  the  day  preceding  or 
following  (depending  on  which  amount  is  the  larger),  and  the  maxi- 
mum 3-day  precipitation  is  the  2-day  maximum  plus  that  for  the  day 
preceding  or  following.  In  the  last  column  to  the  right  is  recorded 
the  total  rainfall  for  the  entire  period  of  excessive  precipitation.  For 
some  purposes  the  maximum  accumulated  precipitation  was  desired 
for  periods  of  4,  5,  and  6  days.  As  the  prepared  form  provides  only 
for  periods  of  1,  2,  and  3  days,  the  figures  for  the  longer  periods  were 
placed  consecutively  from  right  to  left  in  the  final  columns  under  the 
heading  of  Daily  Precipitation  in  Inches  and  just  above  any  figures 
which  might  already  be  in  these  columns.     The  maximum  accumulated 
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precipitation  for  periods  of  1  to  6  days^  and  the  total  rainfall  for  the 
entire  period  of  excessive  precipitation  were  completely  checked  to 
insure  their  accuracy.  In  this  way  excessive  precipitation  records 
were  copied  and  naaximuQi  accumulated  precipitation  computed  for 
4316  stations,  of  which  1262  stations  are  west  of,  and  3054  east  of 
the  103d  meridian.  The  record  contains  on  the  average  about  ten 
excessive  precipitation  periods  for  each  station.  No  use  has  yet  been 
made  of  the  data  for  the  stations  west  of  the  103d  meridian.  All  of 
the  subsequent  discussion  relates  solely  to  the  territory  east  of  that 
line. 

INDEXING  THE  DATA 

To  make  this  data  ready  for  use,  the  following  method  of  indexing 
the  sheets  was  adopted.  The  United  States  is. divided  into  2-degree 
quadrangles,  bounded  by  the  odd  degree  meridians  and  parallels. 


»ri8  ,,ra  n-)6  9f\S  atf  I4a>-I3r-I2  wll  »/K)  •»•  9  «» a  ft-  7  ^6 jr  5  n'  A  >i-  3  v  Ztf  I, 


■^  \6  ■•''  n  ^  16  ""  6  " 


FIG.  7.— NUMBER  OF  STATIONS  USED  IN  STUDYING  EXCESSIVE 

PRECIPITATION. 

The  upper  figure,  in  each  quadrangle,  shows  the  number  of  stations  whose 
storm  records  are  abstracted  on  the  summary  of  excessive  precipitation  sheets. 
The  lower  figure  shows  the  number  of  such  stations  still  in  existence  at  the  end  of 
1914. 
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The  north  and  south  rows  of  quadrangles  are  numbered  consecutively 
from  east  to  west,  and  the  east  and  west  rows  of  quadrangles  are 
lettered  consecutively  with  capital  letters  from  north  to  south.  Each 
quadrangle  is  thus  identified  by  a  coordinate  number  and  letter. 
The  rows  of  quadrangles,  properly  numbered  and  lettered,  are  shown 
on  the  map,  figure  7,  and  on  numerous  subsequent  maps  in  this  report. 
On  a  large  scale  outline  map  of  the  United  States,  divided  into 
quadrangles  as  above,  each  rainfall  gaging  station  was  located  by  a 
dot.  In  order  to  identify  the  various  stations  within  a  quadrangle 
an  index  letter  was  placed  beside  each  station,  beginning  in  the 
northeast  comer  and  progressing  toward  the  southwest  comer  of  the 
quadrangle,  lower  case  letters  of  the  alphabet  being  used.  When 
there  were  more  than  26  observing  stations  in  one  quadrangle,  double 
index  letters  were  used,  as  aa,  ab,  etc.,  and  if  necessary  ba,  bb,  be,  etc. 
These  outline  maps  were  later  used  repeatedly  in  the  construction  of 
storm  maps,  and  consequently  it  was  deemed  advisable  to  check 
carefully  the  location  of  all  the  gaging  stations.  These  maps  are  not 
reproduced  in  this  report  on  account  of  the  large  scale  necessary  to 
show  the  individual  stations.  In  the  upper  right  hand  comer  of  the 
excessive  precipitation  sheet  for  each  station  was  placed  the  quadrangle 
number  and  its  index  letter,  for  example  13-G-m.  This  enabled  the 
sheets  to  be  assembled,  first,  by  quadrangles,  and  second,  with  index 
letters  in  alphabetical  order.  Thus  the  records  for  all  the  stations  in 
any  quadrangle  are  together,  arranged  in  the  order  of  the  station 
index  letters  from  the  northeast  to  the  southwest  corner  of  the  quad- 
rangle. 

VARIATION   IN    NUMBER   AND    DURATION    OF   RAINFALL 
RECORDS  FOR  DIFFERENT  QUADRANGLES 

Figure  7  is  a  map  of  the  United  States  east  of  the  103d  meridian. 
The  number  in  the  upper  part  of  each  quadrangle  is  the  number  of 
stations  in  that  quadrangle  the  excessive  precipitation  records  of 
which  were  abstracted  on  the  form  shown  in  figure  6.  The  lower 
figure  in  each  quadrangle  shows  the  number  of  these  stations  that 
were  still  being  continued  at  the  close  of  the  year  1914.  Stations 
estabhshed  subsequent  to  1910  are  not  included  in  either  case.  The 
lower  number  is  obtained  from  the  upper  number  by  deducting  all  the 
stations  which  had  been  discontinued. 

Along  the  international  boundaries  and  coast  lines  a  number  of 
fractional  quadrangles  contain  so  few  rainfall  stations  that  it  has 
seemed  advantageous  in  the  compilation  and  subsequent  study  to 
join  their  records  to  those  of  adjacent  quadrangles.     Where  such 
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has  been  done,  an  arrow  drawn  on  figure  7  points  to  the  quadrangle 
to  which  the  records  have  been  joined. 

Neglecting  fractional  quadrangles,  figure  7  shows  that  the  niunber 
of  stations  whose  records  have  been  used  varies  from  75  for  quadrangle 
3-D  containing  most  of  Massachusetts,  Rhode  Island,  and  Connecti- 
cut, and  for  quadrangle  5-E  containing  Philadelphia  and  Baltimore, 
to  5  and  6  stations  for  quadrangles  along  the  103d  meridian.  In 
general  the  number  of  station  records  available  is  somewhat  pro- 
portional to  the  density  of  the  population.  Leaving  out  the  fractional 
quadrangles,  the  average  number  of  records  per  quadrangle  is  25. 

Not  only  do  the  number  of  rainfall  records  vary  greatly  in  different 
parts  of  the  country  but  the  periods  during  which  records  were  taken 
at  a  given  station  vary  through  as  wide  a  range.  Figures  8  to  12  are 
diagrams  showing  graphically  the  periods  of  time  covered  by  complete 
records  for  all  the  stations  in  certain  selected  quadrangles.  The 
records  for  45  quadrangles  were  plotted  in  this  way,  from  which  the 
17  shown  have  been  selected  to  show  the  range  and  nature  of  the 
variation.  The  record  for  each  station  appearing  on  each  of  these 
charts  was  taken  from  the  excessive  precipitation  sheet  for  that 
station. 

Figure  8  shows-the  available  records  for  quadrangle  3-D  including 
most  of  Massachusetts,  Rhode  Island,  and  Connecticut,  with  the 
maximum  number  of  stations,  75,  and  in  contrast  with  it,  those  for 
quadrangle  4-C,  covering  the  Adirondack  region  and  containing  rel- 
atively few  stations.  Figure  9  shows  the  records  in  three  quadrangles, 
that  including  Dayton  in  southwestern  Ohio,  the  one  immediately  to 
the  west  of  it  in  Indiana,  and  one  in  the  mountainous  region  of  Ken- 
tucky to  the  south.  Figures  10,  11,  and  the  upper  portion  of  figure 
12  cover  the  row  of  quadrangles,  12-B  to  12-J  beginning  in  northern 
Wisconsin  and  running  south  down  the  Mississippi  valley  to  the  Gulf. 
The  great  variation  of  records  with  latitude  and  density  of  population 
is  graphically  shown.  Quadrangles  15-E,  15-G,  and  15-J  in  figure  12 
typify  the  nature  of  the  records  in  the  western  part  of  the  region 
studied. 

CARD  INDEX  OF  EXCESSIVE  PRECIPITATION  PERIODS 

To  bring  together  the  data  taken  at  all  stations  during  a  single 
period  of  excessive  precipitation,  a  separate  card  4  by  6  inches,  was 
prepared  for  each  such  period  which  has  occurred  since  1870.  The 
data  for  periods  of  excessive  precipitation  prior  to  1870  was  not  com- 
piled in  this  manner  because  of  the  paucity  of  recording  stations  and 
their  irregular  distribution.  The  data  on  these  cards  taken  from  the 
excessive  precipitation  sheets   shows,  for  each  period  of  excessive 
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FIG.  8.— PERIODS  OF  RECORD  OF  STATIONS  IN  QUADRANGLES 

3-D  AND  4rO, 
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FIG.  9.— PERIODS  OF  RECORD  OF  STATIONS  IN  QUADRANGLES 

9-E,  g-F,  AND  lO-E. 
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FIG.  10.— PERIODS  OF  RECORD  OF  STATIONS  IN  QUADRANGLES 
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FIG.  12.— PERIODS  OF  RECORD  OF  STATIONS  IN  QUADRANGLES 
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precipitation,  the  quadrangles,  dates  of  observations,  and  total  pre- 
cipitation at  each  station  during  such  period.  The  card  index  so 
compiled  includes  a  total  of  2641  periods  of  excessive  precipitation, 
which  occurred  during  the  years  1870  to  1914  inclusive. 

The  cards  were  next  separated  into  three  classes,  and  each  class 
was  arranged  in  chronological  order  as  follows:  (a)  Cards  which  con- 
tain only  1  station  record,  indicating  storms  with  excessive  pre- 
cipitation areas  so  small  that  only  1  station  was  included.  These 
cards  number  1236  or  nearly  50  per  cent  of  the  total.  On  account  of 
the  restricted  storm  areas  which  they  represent  no  further  use  has 
yet  been  made  of  them,  (b)  Cards  on  which  records  from  more  than  1 
but  less  than  6  stations  appeared.  These  number  996  or  over  35  per 
cent  of  the  total,  and  represent  comparatively  local  storms,  (c)  The 
remaining  409  cards,  about  15  per  cent  of  the  total  number,  represent 
storms  for  which  6  or  more  stations  reported  excessive  precipitation. 
They  approach  general  storms  in  their  characteristics,  and  to  the 
heaviest  of  them  extensive  subsequent  study  was  given,  as  described 
in  the  next  chapter.  Table  2  shows  the  number  of  storms  in  each 
class  recorded  for  each  year  from  1871  to  1914. 

Table  2. — ^Total  number  of  rainfalls  causinE  excessive  precipitation,  recorded  In 
eastern  United  States  at  1  station,  at  2  to  5  stations,  and  at  6  or  more  stations,  from 
1871  to  1914  inclusive. 
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1877 
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73 
81 
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89 
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Totals . . 

1236 
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409 
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Table  2  shows  that  the  total  number  of  periods  of  excessive  pre- 
cipitation recorded  yearly  between  1874  and  1891  is  fairly  uniform. 
The  years  1892,  1893,  and  1894  show  a  tendency  toward  an  increase 
and  appear  to  be  years  of  transition,  and  again  from  1895  to  1914  the 
yearly  totals  are  fairly  uniform  but  appreciably  greater  than  during 
the  first  named  period.  The  effect  of  the  number  of  observing  stations 
on  the  number  of  excessive  precipitation  records  is  reflected  in  columns 
4  and  5,  but  less  so  in  colunms  2  and  3.  The  explanation  is  that  prior 
to  1892  the  sparsity  of  stations  was  such  that  it  was  rare  for  even  a 
large  storm  area  to  cause  excessive  precipitation  at  as  many  as  6 
stations.  This  accounts  not  only  for  the  small  number  of  storms 
listed  in  column  4  prior  to  that  year,  and  for  the  total  absence  of 
records  of  such  storms  during  the  years  1871,  1872,  and  1873,  but 
coincidently  operated  in  placing  many  such  storms  in  the  l-station 
and  2  or  more  station  classes,  thus  swelling  the  figures  in  columns 
2  and  3  out  of  normal  proportion.  It  is  therefore  largely  accidental 
that  the  number  of  storms  in  column  2  varies  but  little.  It  is  fair  to 
presume  that  the  later  figures  In  column  2  represent  almost  solely  small 
area  storms,  such  as  thunderstorms,  while  the  earlier  figures  include 
both  this  type  and  the  storm  covering  larger  areas. 

It  appears  to  be  satisfactory  for  purposes  of  comparison  to  separate 
the  records  into  two  20-year  periods;  the  first  period  embracing  years 
from  1875  to  1894;  the  second  period  from  1895  to  1914.  Table  3 
shows  the  results  of  comparing  the  two  groups. 


Table  3. — Comparative  number  of  storms  recorded  in  various  classes  east  of 
the  103d  meridian  during  the  two  20-year  periods  1875-1894  and  1895-1914. 
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28 
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3 
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18 

17 

22 

8 

1899 
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40 
41 
25 
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1908  &  1912 
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2  to  5  stations 
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Total 

50 

78 

63 

1895 

99 

1905 

The  conclusions  which  it  is  possible  to  draw  from  the  card  index 
of  periods  of  excessive  precipitation  are  somewhat  meager.  The 
anticipation  was  that  the  card  index  would  furnish  conclusive  evidence 
of  the  relative  sizes  of  different  storms,  and  that  it  would  place  the 
excessive  precipitation  data  in  much  more  convenient  shape  for  mak- 
ing frequency  and  seasonal  studies.    None  of  these  objects   was 
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realized.  The  only  record  shown  at  any  station  for  a  period  of  ex- 
cessive precipitation  is  the  total  rainfall  for  the  entire  period.  The 
length  of  this  period,  as  well  as  the  dates  over  which  it  extends,  varies 
at  each  station.  As  a  consequence  so  many  variables  are  introduced 
that  any  comparison  or  use  of  the  data  except  in  the  most  general 
way  is  likely  to  be  very  misleading. 

The  foregoing  study  as  to  the  number  of  excessive  precipitation 
records  in  different  storms,  and  the  manner  in  which  these  have 
varied  since  1871,  is  the  most  important  use  made  of  the  card  index. 
It  is  probable  that  the  computations  for  this  study  could  have  been 
compiled  in  a  less  laborious  manner.  The  compilation  of  this  card 
index  is  an  example  of  the  difficulty  in  foreseeing  the  obstacles  which 
may  arise  to  prevent  the  use  of  compiled  data  in  the  manner  originally 
intended. 


CHAPTER  v.— FREQUENCY  OF  EXCESSIVE 

PRECIPITATION 


RELATION  BETWEEN  STORMS  AND  EXCESSIVE 

PRECIPITATION 

From  the  definition  given  in  the  preceding  chapter  it  is  apparent 
that  the  records  of  excessive  precipitation  include  intense  rainfalls 
occurring  during  local  cloudbursts  as  well  as  those  occurring  in  general 
cyclonic  storms.  Table  3  shows  that  about  50  per  cent  of  the  excessive 
precipitation  data  was  recorded  at  single  stations,  indicating  heavy 
rains  or  cloudbursts  over  probably  small  areas.  About  35  per  cent 
of  the  data  covers  storms  which  caused  excessive  precipitation  at 
from  2  to  5  stations;  and  about  15  per  cent  represents  storms  causing 
excessive  precipitation  at  6  or  more  stations. 

It  is  also  shown  in  chapter  IV  that  prior  to  1895  the  sparsity  of 
stations  was  such  that  only  very  large  storms  were  recorded  at  as 
many  as  6  stations.  It  may  be  argued  from  this  that  many  of  the 
so-called  local  storms  were,  in  fact,  of  wide  extent,  and  that  the  great 
distance  between  observing  stations  failed  to  bring  out  the  full  extent 
of  area  covered  by  their  high  rates  of  precipitation.  Whatever  doubt 
there  may  be  as  to  the  appUcability  of  such  reasoning  to  the  1-day 
and  2-day  excessive  precipitation  records,  there  is  small  doubt  that  it 
does  apply  to  3-day  records,  and  with  increasing  force  to  4,  5,  and  6- 
day  records.  Local  thunderstorms  are  of  short  duration,  rarely 
lasting  over  a  consecutive  period  covering  portions  of  two  calendar 
days.  On  the  other  hand  a  3-day  or  longer  period  of  rainfall  of  great 
intensity  is  most  often  an  indication  of  heavy  rains  over  extensive 
areas.  Exceptions  are  local  thundershowers  falling  on  successive 
days  in  the  same  locality. 

The  various  aspects  of  160  great  storms  in  the  eastern  United 
States  during  the  25-year  period  1892-1916  will  be  presented  in  sub- 
sequent chapters.  Each  of  these  storms  was  selected  in  the  first  place, 
and  later  carefully  analyzed,  by  considering  the  three  factors  which 
determine  its  size,  namely,  depth  of  precipitation ^  duration,  and  area 
covered.  The  relative  importance  of  these  three  factors  may  vary 
greatly,  depending  on  the  other  conditions  which  may  enter.  On  a 
large  watershed,  great  depths  of  precipitation  over  small  areas  are  of 
little  consequence;  on  a  very  small  watershed,  such  as  is  ordinarily 
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considered  in  the  design  of  sewer  systems,  the  storm  area  covered 
can  be  ignored  and  the  attention  confined  to  the  maximum  depth  and 
duration  of  rainfall.  It  is  on  these  two  factors  of  time  and  depth 
that  the  attention  is  concentrated  in  the  study  of  excessive  precipita- 
tion, as  contrasted  with  the  investigation  of  the  160  great  storms  in 
which  the  third  factor,  area,  occupies  an  important  place. 

DETERMINING  THE  FREQUENCY  OF  EXCESSIVE 

PRECIPITATION 

The  word  frequency  when  applied  to  meteorological  phenomena 
of  irregular  occurrence  is  best  defined  as  the  number  of  times,  within  a 
selected  period  of  years,  that  a  particular  phenomenon  has  taken  place. 
Dividing  the  period  by  the  number  of  such  happenings,  the  quotient 
obtained  is  the  average  length  of  time  in  years  during  which  the  phe- 
nomenon has  happened  once.  This  average  number  of  years  is  also , 
though  less  accurately,  spoken  of  as  the  frequency  of  the  phenomenon. 
In  the  latter  sense  it  is  used  in  this  chapter  in  discussing  excessive 
precipitation  of  a  certain  defined  intensity,  and  also  in  chapter  VII 
in  speaking  of  the  occurrence  of  160  great  storms.  Whatever  sig- 
nificance may  attach  to  it,  the  reader  is  cautioned  not  to  construe  it 
to  mean  a  regular  or  stated  interval  of  occurrence  or  recurrence,  which 
is  its  accepted  meaning  in  certain  branches  of  science. 

It  is  obvious  that  the  value  of  any  frequency  determination  depends 
primarily  upon  the  length  and  amount  of  reliable  records  available. 
Unfortunately,  long  rainfall  records  in  the  United  States  are  rather 
the  exception  than  the  rule.  To  have  confined  these  studies  to  their 
use  would  have  imposed  limitations  that  would  have  efifectually  barred 
large  sections  of  the  country  from  consideration  for  lack  of  adequate 
lengths  of  records.  In  order  to  utilize  all  existing  records  that  pos- 
sessed any  value,  even  though  they  differed  materially  in  length,  a 
method  was  adopted  which  may  be  explained  as  follows: 

Let  us  assume  a  number  of  rainfall  stations,  say  five  for  convenience 

of  illustration,  located  within  an  area  possessing  uniform  rainfall 

characteristics.    At  station  A  complete  records  have  been  kept  for  a 

period  of  70  years;   at  station  B,  for  40  years;  at  station  C,  for  60 

years;  at  station  D,  for  80  years;  and  at  station  E,  for  50  years,  the 

aggregate  of  the  period  of  record  being  300  years.     Treating  this 

aggregate  as  a  single  record  for  the  area  under  consideration,  we  may, 

by  the  above  definitions  of  frequency,  say  that  the  highest  rainfall 

intensity  recorded  in  the  entire  period  has  occurred  with  a  probable 

frequency  of  once  in  300  years.    Likewise  the  second  highest  intensity 

has  been  equaled  or  exceeded  on  an  average  of  once  in  150  years,  and 

the  third  highest  rainfall  intensity  has  been  equaled  or  exceeded  on  an 
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average  of  once  in  100  years.  The  process  is  capable  of  indefinite 
expansion,  being  limited  only  by  the  amount  of  data  at  hand.  Thus 
the  sixth  highest  rainfall  intensity  would  have  been  equaled  or  exceeded 
on  an  average  of  once  in  50  years;  the  twelfth  highest,  once  in  25 
years;  and  the  twenty-fourth  highest,  once  in  15  years.  In  this 
way  the  individual  experiences  of  the  observing  stations  in  the  given 
area  are  combined  to  give  a  weighted  average,  which  may  be  regarded 
as  the  probable  average  experience  for  any  one  point  within  that  area. 
To  illustrate  with  an  actual  case,  we  may  take  the  quadrangle  of 
the  earth's  surface  bounded  by  the  39th  and  41st  parallels  and  the 
83d  and  85th  meridians,  in  which  the  Miami  River  valley  is  located, 
and  which  for  convenience  of  reference  has  been  designated  as  &-E. 
This  quadrangle  contains  28  rainfall  stations  with  an  aggregate  period 
of  record  of  713  years,  no  stations  having  less  than  10  whole  years  of 
observations  being  included.  To  ascertain  what  24-hour  rainfall 
intensity  has  been  equaled  or  exceeded,  on  an  average,  once  in  100 
years,  at  any  point  in  this  quadrangle,  select  from  the  aggregate 
record  the  7  greatest  24-hour  intensities,  and  the  least  of  these  is  the 
desired  rainfall  intensity.  Arranged  in  order  of  magnitude  the  figures 
are  as  follows: 

Greatest  1-day  Precipitation  Records  in  Quadrangle  9-E.   Aggregate  period  of  record- 

713  years 

1.  Newport  Barracks,  Ky.,  May  24-25,  1858 6.35  inches 

2.  Urbana,  Ohio,  September  18,  1866 6.20 

3.  Cincinnati,  Ohio,  June  17-18, 1868 6.00 

4.  Urbana,  Ohio,  June  15,  1868 5.95 

5.  Bellefontaine,  Ohio,  March  25,  1913 5.61 

6.  College  Hill,  Ohio,  June  18,  1875 5.50 

7.  North  Lewiflburg,  Ohio,  September  27-28,  1884 5.40 

8.  Newport  Barracks,  Ky.,  August  14,  1850 6.40 

THE  PLUVIAL  INDEX 

From  the  foregoing  table  it  appears  that  an  intensity  of  5.40 
inches  in  1  day  has  been  equaled  or  exceeded,  and  is  therefore  Kkely 
to  be  equaled  or  exceeded  in  future  years,  on  an  average,  once  in  100 
years  at  any  point  in  quadrangle  &-E.  This  is  not  to  be  regarded  as 
an  accurately  fixed  quantity,  but  rather  as  an  indication  of  what  may 
be  expected.  On  this  account,  and  for  greater  convenience  of  refer- 
ence, the  figure  5.40  has  been  called  the  plvmal  index  for  quadrangle 
9-E,  corresponding  to  a  100-year  period  and  a  24-hour  rainfall  in- 
tensity. How  much  this  pluvial  index  is  likely  to  vary  may  be 
judged  from  an  inspection  of  the  figures  preceding  and  succeeding  it 
in  the  above  table.    In  this  particular  case  the  eighth  figure  also 
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happens  to  be  5.40  inches.  Arithmetically,  this  eighth  figure  would 
correspond  to  a  period  of  713  divided  by  8,  or  nearly  90  years,  indi- 
cating that  in  the  matter  of  frequency  a  rainfall  of  5.40  inches  on  the 
basis  of  present  records  may  be  equaled  or  exceeded,  on  an  average, 
once  in  from  90  to  100  years. 

By  a  similar  process  the  pluvial  index  is  obtained  for  the  2  days, 
3  days,  4  days,  5  days,  and  6  days  of  greatest  precipitation  in  a  100- 
year  period,  for  the  same  quadrangle,  as  follows: 

Greatest  2-day  Predpitation  Records  in  Quadrangle  9-E. 

1.  Richmond,  Ind.,  March  24-25,  1913 9.47  inches 

2.  BeUefontaine,  Ohio,  March  25-26,  1913 7.74      " 

3.  Waynesville,  Ohio,  October  5-6,  1910 7.68      " 

4.  Jacksonburg,  Ohio,  October  5-6,  1910 7.50      " 

5.  Urbana,  Ohio,  June  15-16,  1868 7.32      " 

6.  Ck)llege  HiU,  Ohio,  September  4-5,  1864 7.25 

7.  Cincinnati,  Ohio,  March  12-13,  1907 7.19 

8.  Kenton,  Ohio,  August  1-2, 1875 6.96 


ft 


Greatest  3-day  Precipitation  Records  in  Quadrangle  9-E. 

1.  Richmond,  Ind.,  March  23-25,  1913 10.35  inches 

2.  BeUefontaine,  Ohio,  March  24-26,  1913 9.26 

3.  Urbana,  Ohio,  June  15-17,  1868 8.41 

4.  Kenton,  Ohio,  August  25-27,  1871 8.25 

5.  Marion,  Ohio,  March  24-26,  1913 8.23 

6.  Camp  Denison,  Ohio,  March  12-14,  1907 7.93 

7.  Waynesville,  Ohio,  October  5-6,  1910 7.68 

8.  Dayton,  Ohio,  March  24-26,  1913 7.67 

Greatest  4-day  Precipitation  Records  in  Quadrangle  9-E. 

1.  Richmond,  Ind.,  March  23-26,  1913 11.11  inches 

2.  BeUefontaine,  Ohio,  March  23-26,  1913 10.63  " 

3.  Marion,  Ohio,  March  23-26,  1913 9.61  " 

4.  GreenvUle,  Ohio,  March  23-26,  1913 8.92  " 

5.  Kenton,  Ohio,  August  26-29,  1871 8.87  " 

6.  Upper  Sandusky,  March  23-26,  1913 8.84  " 

7.  Urbana,  Ohio,  June  15-18,  1868 8.71  " 

8.  CoUege  HUl,  Ohio,  June  18-21, 1875 8.50  " 

Greatest  5-day  Precipitation  Records  in  Quadrangle  9-E. 

1.  Kenton,  Ohio,  August  25-29,  1871 11.37  inches 

2.  BeUefontaine,  Ohio,  March  23-27,  1913 11.16  " 

3.  Richmond,  Ind.,  March  23-27,  1913 11.15  " 

4.  Marion,  Ohio,  March  23-27,  1913 10.61  " 

5.  Upper  Sandusky,  Ohio,  March  23-27,  1913 10.41  " 

6.  GreenviUe,  Ohio,  March  23-27,  1913 9.33  " 

7.  Dayfon,  Ohio,  March  23-27,  1913 8.94  " 

8.  Newport  Barracks,  Ky.,  March  3-7,  1850 8.82  " 
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Greatest  6-Klay  Precipitation  Records  in  Quadrangle  9-B. 

1.  Richmond,  Ind.,  March  21-26,  1913 11.74  inches 

2.  Kenton,  Ohio,  August  25-29,  1871 11.37  " 

3.  Bellefontame,  Ohio,  March  23-27,  1913  (5-day) 11.16  " 

4.  Marion,  Ohio,  March  23-27,  1913  (5-day) 10.61  " 

5.  Upper  Sandusky,  Ohio,  March  23-27,  1913  (5-day) 10.41  " 

6.  Kenton,  Ohio,  July  28~August  2,  1875 9.96  " 

7.  Greenville,  Ohio,  March  21-26,  1913 9.52 

8.  Dayton,  Ohio,  March  23-27,  1913  (5-day) 8.94 
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It  will  be  noticed  that  the  great  storm  of  March  1913,  which 
covered  a  vast  area,  recurs  repeatedly,  especially  for  rainfalls  of  3 
days'  duration  and  longer.  In  the  list  of  1-day  precipitation  records, 
March  1913  occurs  but  once;  under  the  2-day  records  it  appears 
twice;  and  thence  increasingly  until,  under  the  6-day  and  6-day  rec- 
ords, 6  out  of  8  are  March  1913  storm  records.  As  compared  with 
other  storms,  that  of  March  1913  was  exceptional  in  its  continued 
heavy  precipitation,  although  it  did  not  cause  extraordinarily  high 
rates  of  rainfall  over  short  periods.  This  fact  stands  out  clearly  in 
the  foregoing  tables.  They  illustrate  that  one  extensive  storm,  like 
that  of  March  1913,  even  though  its  occurrence  may  not  be  oftener 
than  once  in  a  century,  is  likely  to  dominate  the  pluvial  index  for  the 
region  affected  by  it.  Since  the  records  of  high  rates  of  rainfall  utiUzed 
in  a  study  of  this  kind  are  about  equally  divided  between  isolated 
observations  representing  local  thunderstorms  or  cloudbursts,  and 
observations  of  storm  rainfall  covering  large  areas,  the  indications 
are  that  an  unbalanced  condition  such  as  that  here  illustrated  is  not 
likely  to  occur  often. 

From  the  preceding  discussion  it  will  be  clear  that  the  determina- 
tion of  the  pluvial  index  is  subject  to  certain  Umitations.  As  used  in 
this  chapter  it  has  been  expressed  to  the  nearest  tenth  of  an  inch, 
greater  refinement  not  being  considered  warranted  with  the  data  now 
available. 

Attention  is  called  to  the  fact  that  in  the  table  of  3-day  precipita- 
tion, the  7th  item  of  7.68  inches  at  Waynesville  covers  only  two  dates, 
namely,  October  5  and  6,  1910.  This  is  because  the  entire  storm 
duration  at  that  point  was  recorded  on  these  dates,  although  the  same 
storm  at  other  points  extended  over  a  longer  period.  This  treatment 
is  in  accord  with  the  rules  for  determining  maximum  accumulated 
precipitation  as  explained  in  the  preceding  chapter.  It  is  interesting 
to  note  that  in  this  case  the  next  figure  is  7.67  inches  at  Dayton  for 
the  3-day  period  March  24  to  26,  1913,  which  differs  from  the  pre- 
ceding by  only  0.01  inch.  In  the  list  of  6-day  precipitation  records 
are  four  where  the  rain  did  not  exceed  5  days.  These  are  for  Belle- 
fontaine,  Marion,  Upper  Sandusky,  and  Dayton. 
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By  a  similar  process  it  is  possible  to  determine  the  pluvial  index 
for  periods  of  50,  25,  and  15  years  and  for  1-day  to  6-day  intensities, 
respectively.  Thus  out  of  the  713  years  of  aggregate  record,  the  14th 
greatest  24-hour  rainfall  furnishes  the  50-year  pluvial  index;  the 
28th,  the  25-year  pluvial  index,  and  so  on.  In  the  latter  case,  dividing 
713  by  25,  the  quotient  28.5  indicates  that  the  pluvial  index  should 
be  obtained  by  averaging  the  28th  and  29th  values.  A  similar  inter- 
polation is  required  to  determine  the  pluvial  index  for  a  15-year  period, 
the  correct  value  lying  between  the  48th  and  49th  figures.  Inter- 
polation of  this  kind  need  not  be  resorted  to  except  where  its  omission 
would  introduce  appreciable  errors. 

Broadly  speaking,  the  foregoing  method  presupposes  two  con- 
ditions: First,  that  the  rainfall  characteristics,  especially  as  regards 
high  rates  of  precipitation,  are  essentially  uniform  at  all  points  within 
the  area  of  a  2-degree  quadrangle  of  the  earth's  surface.  Second, 
that  there  are  no  permanent  or  cyclic  climatic  changes  affecting  the 
occurrence  of  high  rates  of  rainfall. 

With  regard  to  the  first,  it  is  a  fact  that  in  fairly  level  country,  as 
for  instance  in  Ohio  and  the  middle  west,  the  variations  in  rainfall 
conditions  within  one  2-degree  quadrangle  are  comparatively  small. 
The  averaging  of  rainfall  records  may  there  be  carried^out  without 
sensible  error;  but,  where  decided  differences  in  elevation  exist  within 
one  quadrangle,  a  very  appreciable  range  of  meteorological  conditions 
may  have  to  be  averaged.  In  such  a  case  the  resulting  pluvial  index 
will  not  be  representative  of  all  points  within  the  quadrangle,  but  will 
favor  those  portions  having  the  highest  rates  of  precipitation.  The 
area  of  a  2-degree  quadrangle  in  latitude  45  degrees  is  14,643  square 
miles,  approximately  equivalent  to  that  of  a  circle  having  a  radius  of 
69  miles.  From  this  it  would  seem  that  serious  distortion  of  the 
pluvial  index  caused  by  the  coexistence  of  both  very  high  and  very  low 
areas  within  such  a  compass  seldom  occurs. 

As  to  the  second  assumption,  relating  to  permanent  or  cyclic 
cUmatic  changes,  the  reader  is  referred  to  a  discussion  of  this  subject 
in  chapter  X,  from  which  it  will  be  clear  that  the  results  of  the  method 
here  adopted  are  not  subject  to  material  error  from  this  source. 

ISOPLUVIAL  CHARTS 

In  order  to  give  a  clear  understanding  of  the  frequency  with  which 
high  rates  of  precipitation  have  occurred  over  the  eastern  United 
States,  a  series  of  24  maps,  called  isoplvvicd  charts,  was  compiled, 
figures  13  to  36,  showing  graphically  the  pluvial  index  for  each  of  the 
133  two-degree  quadrangles  east  of  the  103d  meridian. 
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The  data  was  taken  from  the  excessive  precipitation  sheets,  figure  6« 
Since  many  rainfall  stations  have  been  established  in  recent  years, 
the  records  of  which  are  quite  short  and  would  therefore,  if  included, 
throw  too  great  weight  on  the  comparatively  short  period  represented 
by  them,  it  was  decided  in  the  compilation  of  the  100-year  and  50-year 
isopluvial  charts  to  eliminate  from  consideration  all  records  comprising 
less  than  10  years  of  complete  observations.    The  periods  of  record 


M^rH 


a  f  7  ifSjr  S  n-  4  Tj-  3  7.-  Ztf  { 


"^la  """n 


FIG.  37.— AGGREGATE  YEARS  OF  RECORD  IN  EACH  QUADRANGLE. 

The  figure  in  each  quadrangle  represents  the  sum  of  the  years  of  record  for  all 
those  stations  in  the  quadrangle  for  which  excessive  precipitation  records  were 
copied. 

considered  are  not  always  continuous,  but  often  consist  of  two  or 
more  shorter  periods  aggregating  or  exceeding  10  years.  Reference 
to  figures  8  to  12,  which  show  periods  of  record  for  rainfall  stations  in 
representative  quadrangles,  will  serve  to  illustrate  the  necessity  for 
adopting  this  rule.  A  similar  rule  was  adopted  in  the  compilation  of 
the  25-year  and  15-year  isopluvial  charts,  by  which  station  records 
less  than  5  years  in  length  were  omitted. 
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The  aggregate  years  of  record  in  each  quadrangle;  at  all  stations 
for  which  excessive  precipitation  data  was  gathered,  is  shown  as  a 
number  in  the  center  of  each  quadrangle,  in  figure  37. 

In  compiling  the  data  for  the  summary  of  excessive  precipitation 
sheets,  no  rainfall  depth  was  considered  whose  amount  was  less  than 
10  per  cent  of  the  mean  annual  rainfall  for  a  iKlay  period,  or  less  than 
15  per  cent  for  a  period  of  2  or  more  days.  In  consequence,  it  hap- 
pened in  several  instances  that  the  quotient  obtained  in  dividing  the 
aggregate  years  of  record  by  a  small  frequency  period  such  as  15  years, 
proved  to  be  greater  than  the  total  number  of  rainfall  intensities 
appearing  on  the  excessive  precipitation  sheets.  In  such  cases  the 
pluvial  index  was  obtained  graphically  by  plotting  the  previously 
computed  100,  60,  and  25-year  pluvial  indices  and  projecting  the 
curve  to  obtain  the  15-year  index. 

A  separate  set  of  isopluvial  charts  was  made  up  for  each  of  the 
4  frequency  periods,  namely,  for  15,  25,  50,  and  100  years  respectively. 
There  are  6  charts  to  each  set,  one  each  for  1  day,  2  days,  3  days, 
4  days,  5  days,  and  6  days  of  accumulated  precipitation,  making  in 
all  24  charts,  see  figures  13  to  36. 

In  the  center  of  each  quadrangle  was  written  its  pluvial  index. 
Thus  in  the  15-year,  3-day  isopluvial  chart  shown  in  figure  15,  the 
number  written  in  each  quadrangle  denotes  the  3-day  rainfall  intensity 
which  may  be  expected  to  occur  or  be  exceeded  at  any.  point  within 
that  quadrangle  on  an  average  of  once  in  15  years. 

In  order  to  bring  out  the  variations  in  pluvial  index  for  different 
sections  of  the  United  States,  lines  were  drawn  across  the  charts, 
connecting  as  nearly  as  possible  all  localities  having  the  same  pluvial 
index.  These  lines,  which  for  convenience  of  reference  have  been 
termed  isopluvial  lines,  are  shown  for  successive  1-inch  depths  of 
rainfall.  To  illustrate  their  significance,  the  6-inch  line  on  the  chart 
showing  15-year,  3-day  isopluvial  lines,  figure  15,  should  be  interpreted 
as  indicating  all  localities  in  which  a  rainfall  of  6  inches  or  heavier  in 
3  days  may  be  expected  to  occur  on  an  average  once  in  15  years. 

The  location  and  curvature  of  the  isopluvial  lines  was  made  the 
subject  of  careful  study.  It  was  felt  that  their  main  function  should 
be  to  indicate  plainly  those  variations  which,  from  an  inspection  of 
all  of  the  24  charts,  appear  to  be  well  established  and  obvious.  Great 
weight  was  given  to  the  pluvial  indices  of  those  quadrangles  which 
have  the  greatest  lengths  of  records,  and  conversely  little  or  no  weight 
was  attached  to  local  irregularities  or  apparent  inconsistencies  in 
pluvial  index  traceable  to  paucity  of  rainfall  data.  The  15-year  charts 
were  given  greater  weight  than  the  100-year  charts,  as  the  former  are 
based  on  nearly  7  times  as  many  records  as  the  latter.     For  these 
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reasons  the  location  of  any  one  isopluvial  line  is  not  necessarily  con- 
sistent with  all  pluvial  index  figures  surrounding  it.  Moreover,  some 
latitude  in  sketching  in  the  lines  resulted  from  the  fact  that  a  pluvial 
index  is,  by  definition,  representative  of  rainfall  conditions  at  any  one 
point  within  its  quadrangle,  the  index  figure  being  merely  written  in 
the  center  of  the  quadrangle  for  sake  of  convenience.  It  is  believed 
that  the  lines  as  drawn  represent  the  best  possible  interpretation  which 
can  be  put  on  the  data  as  at  present  available. 

INTERPRETATION  OF  ISOPLUVIAL  CHARTS 

It  is  a  matter  of  common  knowledge  that  the  highest  rates  of 
rainfall  in  the  eastern  United  States  are  most  frequent  along  the  Gulf 
coast,  and  that  heavy  rains  are  frequent  over  the  lower  Mississippi 
Valley,  but  are  rare  in  the  more  northern  latitudes.  These  facts  are 
brought  out  prominently  by  the  isopluvial  charts,  which  show  a  high 
pluvial  index  along  the  Gulf  coast  diminishing  rapidly  toward  the 
interior,  except  in  the  Mississippi  Valley  up  which  the  lines  extend 
like  the  contours  on  a  topographic  map. 

Perhaps  the  most  striking  feature  which  all  of  the  charts  possess 
in  common  is  the  marked  decrease  in  pluvial  index  with  increase  of 
latitude.  If  the  eastern  United  States  could  be  imagined  to  be  of 
uniform  elevation,  it  is  probable  that  the  isopluvial  lines  would  nm 
nearly  due  east  and  west,  evenly  spaced,  with  a  slight  northeasterly 
deflection  near  the  Atlantic  Ocean  caused  by  increased  atmospheric 
moisture  from  that  source,  and  conversely  a  southwesterly  trend  west 
of  the  97th  meridian  caused  by  increasing  distance  from  the  Gulf. 
The  reader  should  not  infer  from  this  that  high  rates  of  rainfall  owe 
their  moisture  exclusively  to  evaporation  of  ocean  waters.  Much  of 
it  is  supplied  by  evaporation  from  land  surfaces.  The  isopluvial 
charts  appear  to  indicate,  however,  that  in  the  distribution  of  rainfall 
intensities  in  the  eastern  United  States,  latitude  is  the  dominating 
factor. 

Difference  in  altitude  is  responsible  for  much  variation  in  pluvial 
index,  a  decided  decrease  being  noticeable  in  mountainous  regions. 
For  instance  the  Appalachian  system  is  responsible  for  a  pronounced 
southerly  deflection  in  the  isopluvial  lines.  The  rapidly  increasing 
elevations  of  the  Great  Plains  region  west  of  the  97th  meridian  con- 
tribute materially  toward  decreasing  the  pluvial  index  in  a  westward 
direction.  The  influence  of  the  Ozark  Mountains  is  plainly  indicated 
on  all  of  the  charts  by  the  strong  southward  curvature  of  the  lines. 
In  striking  contrast  are  the  larger  trough-like  depressions,  like  the 
Mississippi  and  Ohio  River  valleys.  The  low  area  west  of  the  Ozarks 
stands  out  almost  as  conspicuously,  being  accentuated  by  the  rapid 
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decrease  in  pluvial  index  to  the  west  of  it,  and  by  the  loops  across  the 
low  flat  lands  drained  by  the  Missouri  and  upper  Mississippi  Rivers, 
and  the  Red  River  of  the  north. 

The  same  general  tendency,  though  on  a  lesser  scale,  is  discernible 
along  the  Atlantic  coast  at  large  estuaries  and  river  valleys.  The 
manner  in  which  the  data  are  compiled  by  2-degree  quadrangles  does 
not  indicate  in  sufficient  detail  the  true  curvature  of  the  isopluvial 
lines  for  such  localities,  and  no  attempt  has  therefore  been  made  to 
show  these  influences  except  in  a  generalized  way.  Along  the  western 
edge  of  the  charts  there  is  a  general  paucity  of  rainfall  data,  the  effect 
of  which  is  to  cause  much  inconsistency  in  the  pluvial  indices  of  the 
quadrangles  affected.  In  shaping  the  most  probable  courses  of  the 
isopluvial  lines  in  this  part  of  the  map  a  wide  range  of  judgment  was 
allowed,  and  it  is  to  be  expected  that  much  adjustment  in  the  Unes 
will  be  found  necessary  in  the  future. 

It  should  not  be  inferred  that  excessive  precipitation,  as  represented 
by  the  isopluvial  charts,  has  the  same  normal  geographical  distribution 
as  the  total  normal  annual  rainfall.  Because  a  given  region  has  a 
high  annual  rainfall,  it  does  not  necessarily  follow  that  it  has  large 
and  numerous  excessive  precipitation  records.  This  is  clearly  shown 
by  a  comparison  of  the  isopluvial  charts,  figures  13  to  36,  and  the  map 
showing  the  normal  annual  rainfall  of  the  United  States,  figure  5. 
The  annual  precipitation  of  the  mountains  of  western  North  Carolina, 
for  instance,  reaches  a  maximum  of  80  inches,  as  compared  with  40 
to  50  inches  for  the  surrounding  lowlands;  the  pluvial  indices  for  this 
region  show  no  such  increase.  In  fact,  they  show  but  a  very  slight 
increase  oh  the  eastern  slope,  and  a  decided  decrease  on  the  western 
slope  of  the  mountains.  A  similar  condition  prevails  to  a  lesser  extent 
in  the  Ozark  Mountains  of  Arkansas  and  southern  Missouri.  The 
comparison  just  suggested  also  indicates  a  very  much  closer  grouping 
and  greater  depth  of  excessive  precipitation  records  along  the  Missis- 
sippi and  Ohio  Rivers  than  would  be  the  case  if  they  were  proportioned 
in  depth  and  distribution  to  the  normal  annual  rainfall. 

LIMITATIONS  OF  ISOPLUVIAL  CHARTS 

As  may  be  inferred  from  the  preceding  remarks  it  is  a  foregone 
conclusion  that  many  of  the  pluvial  index  figures  shown  on  the  charts 
will  suffer  modification  as  the  rainfall  records  on  which  they  are  based 
grow  in  length  and  number.  The  extent  of  modification  may,  in 
many  instances,  be  forecast  with  a  fair  degree  of  assurance.  We  may 
expect  it  to  be  small  for  those  quadrangles  which  already  contain 
many  long  records,  as  for  example  3-D  which  has  an  aggregate  period 
of  record  of  1508  years,  and  5-E  which  has  1336  years.    Shght  modi- 
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fications  may  also  be  looked  for  in  quadrangles  which,  though  having  a 
less  number  of  station  records,  possess  a  large  percentage  of  long 
records.  For  instance,  6-H  which  has  only  4  stations  is  fairly  reliable 
because  of  the  high  average  length  of  record  which  is  nearly  28  years. 
On  the  other  hand,  the  index  for  a  quadrangle  like  17-G,  which  com- 
prises parts  of  Texas  and  Oklahoma,  and  has  only  11  stations  averaging 
a  little  over  10  years  of  record  each,  cannot  be  relied  upon  with  any 
confidence.  There  are  instances  among  the  western  quadrangles 
where  rainfall  records  are  so  few  and  short  that  it  became  necessary 
in  making  up  the  charts  to  include  many  stations  with  records  less 
than  10  years  in  length  in  order  to  obtain  sufficient  working  data. 
The  pluvial  indices  for  such  quadrangles  are,  therefore,  subject  to 
material  ultimate  correction  and  should  be  used  with  caution. 

Aside  from  the  variations  in  accuracy  in  different  parts  of  any 
one  chart,  attributable  to  differences  in  quality  and  quantity  of  rain- 
fall records,  it  is  important  to  note  that  the  individual  charts  differ 
from  each  other  in  degree  of  reliabiUty.  For  it  is  evident  that  in  the 
process  of  determining  a  15-year  pluvial  index,  for  example,  a  much 
larger  number  of  excessive  precipitation  observations  is  utilized, 
thereby  assuring  correctness  of  the  result  within  much  narrower 
Umits,  than  is  the  case  in  determining  a  50-year  or  100-year  pluvial 
index  from  the  same  data  and  for  the  same  quadrangle.  As  the  period 
of  recurrence  grows  longer,  the  pluvial  index  becomes  progressively 
less  accurate. 

Because  of  these  limitations  it  was  deemed  advisable  to  generalize 
the  isopluvial  lines.  This  was  done  consistently,  so  that  even  those 
sections  of  the  eastern  United  States  where  the  abundance  of  rainfall 
data  would  have  warranted  greater  detail  are  treated  no  differently 
from  those  sections  which  are  not  so  well  supplied.  A  uniform  degree 
of  generalization  also  was  maintained  on  all  of  the  24  charts.  It  is 
believed  that  this  course  is  justified,  and  that  a  greater  refinement  in 
the  isopluvial  lines  should  not  be  attempted  until  rainfall  records 
become  sufficiently  abundant  to  enable  the  determination  of  pluvial 
indices  for  1-degree  quadrangles  or  even  smaller  units  of  earth's  surface. 

RECORDS  OF  MOST  INTENSE  RAINFALL 

On  the  charts,  figures  38  to  43,  have  been  assembled  the  records 
of  rainfall  of  maximum  intensity,  which  appeared  on  the  excessive 
precipitation  sheets.  As  in  the  isopluvial  maps,  the  data  is  given 
by  quadrangles  and  for  1,  2,  3,  4,  5  and  6-day  periods  of  rainfall. 
Thus,  in  figure  38,  the  number  written  in  any  quadrangle  represents 
the  maximum  recorded  24-hour  rainfall  in  that  quadrangle.  These 
charts,  taken  in  conjunction  with  figures  13  to  36,  show  the  range  of 
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excessive  precipitation  records  used  in  constructing  the  isopluvial 
charts. 

As  stated  in  chapter  IV,  the  excessive  precipitation  sheets  were 
made  out  only  for  rainfall  stations  having  complete  records  covering 
not  less  than  5  consecutive  years,  and  did  not  include  records  subse- 
quent to  1914.  Therefore,  the  data  shown  in  figures  38  to  43  does  not, 
in  general,  include  intense  rainfalls  at  stations  having  less  than  5 
years  of  records,  nor  those  which  occurred  since  December  31,  1914. 
Occasional  exceptions  were  made  as  in  the  case  of  the  great  storm  of 
Aug.  17-21,  1915,  over  Texas  and  Arkansas,  which  is  responsible  for 
the  record  of  18.6  inches  in  24  hours  in  quadrangle  14-1,  figure  39, 
and  for  the  values  in  this  quadrangle  and  some  neighboring  quadrangles 
on  the  succeeding  charts.  Unfortunately,  the  charts  had  been  com- 
pleted at  the  time  of  occurrence  of  the  great  July  1916  storm  in  North 
Carolina,  and  its  record  breaking  precipitation  does  not,  therefore, 
appear  on  them.  The  records  used  for  platting  the  storm  maps  were 
also  consulted,  and  as  these  included  all  station  records,  regardless  of 
length  of  period  covered,  it  follows  that  an  occasional  intense  rainfall 
figure  for  a  short  station  record  has  been  used. 

,  No  attempt  was  made  to  draw  isopluvial  lines  on  the  charts  of 
most  intense  rainfall,  because  of  the  nature  of  the  data.  A  careful 
consideration  of  the  erratic  nature  of  precipitation  and  the  many  dif- 
ficulties which  have  attended  the  observing,  recording  and  publishing 
of  rainfall  data,  as  outUned  else  where  in  this  report,  leads  to  the  con- 
clusion that  it  will  require  many  additional  years  of  rainfall  recording 
before  even  an  approximation  to  dependable  regularity  will  be  dis- 
cernible in  maximum  precipitation  data  when  arranged  on  charts  as 
in  figures  38  to  43.  It  was  largely  because  of  this  difficulty  that  the 
necessity  arose  for  providing  the  isopluvial  charts,  which  furnish  in- 
formation less  liable  to  subsequent  variation. 

It  is  felt,  nevertheless,  that  the  charts  showing  intense  rainfall 
furnish  information  of  considerable  value  to  the  practising  engineer 
when  interpreted  with  due  regard  to  the  pecuUar  nature  of  the  data, 
and  when  considered  in  conjunction  with  the  isopluvial  index  data 
given  in  figures  13  to  36.  The  values  given  should  be  looked  upon  as 
indicative  rather  than  finite;  for  they  represent  essentially  temporary 
maxima,  likely  to  be  exceeded  in  the  future.  Their  appUcability  is, 
of  course,  restricted  to  small  areas. 

PRACTICAL  APPLICATION  OF  EXCESSIVE  PRECIPITATION 

DATA 

The  isopluvial  charts  furnish  a  convenient  means  of  determining 
the  pluvial  index  for  any  locality  within  the  eastern  United  States, 
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FIG.  44.— FREQUENCY  OF  EXCESSIVE  PRECIPITATION  IN 

QUADRANGLE  3-D. 

The  depth  shown  corresponding  to  any  frequency  period  is  that  which  will 
probably  be  equaled  or  exceeded  once  during  that  period. 
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FIG.  45.— FREQUENCY  OF  EXCESSIVE  PRECIPITATION  IN 

QUADRANGLE  9-E. 

The  depth  shown  corresponding  to  any  frequency  period  is  that  which  will 
probably  be  equaled  or  exceeded  once  during  that  period. 
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FIG.  46— FREQUENCY  OF  EXCESSIVE  PRECIPITATION  IN 

QUADRANGLE  12-J. 

The  depth  shown  corresponding  to  any  frequency  period  is  that  which  will 
probably  be  equaled  or  exceeded  once  during  that  period. 
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FIG.  47.— FREQUENCY  OF  EXCESSIVE  PRECIPITATION  IN 

QUADRANGLE  15-E. 

The  depth  shown  corresponding  to  any  frequency  period  is  that  which  will 
probably  be  equaled  or  exceeded  once  during  that  period. 
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by  merely  interpolating  between  the  isopluvial  liqes.  In  doing  this 
it  is  necessary  to  bear  in  mind  the  limitations  of  the  charts  as  above 
set  forth.  Detached  mountain  spurs  and  other  prominent  local  topo* 
graphic  features,  which  though  important  in  themselves  yet  are  so 
small  as  to  be  recognized  with  difficulty  on  charts  of  the  size  here 
published,  had  to  be  ignored  in  drawing  the  isopluvial  lines,  and 
allowance  should  be  made  for  them  accordingly. 

In  applying  the  pluvial  indices  to  a  particular  area,  it  is  perhaps 
desirable  first  to  construct  frequency  curves,  similar  to  the  four  shown 
in  figures  44  to  47,  for  several  of  the  surrounding  quadrangles.  The 
method  of  constructing  these  curves  from  the  pluvial  indices  is  readily 
seen.  The  six  curves  shown  for  quadrangle  3-D,  figure  44,  correspond 
to  the  1  to  6-day  maximum  periods  of  precipitation.  The  curve  for 
the  1-day  period  is  found  by  platting,  to  the  proper  frequency  intervals, 
the  pluvial  indices  4.2,  4.8,  5.5,  and  6.5,  taken  from  the  charts  for  15, 
25,  50,  and  100-year  frequencies,  respectively.  The  2  to  6-day  curves 
are  found  in  a  similar  way.  This  enables  the  investigator  to  obtain  a 
clear  idea  of  the  additional  depths  which  may  be  expected,  above' 
that  for  the  maximum  day,  for  consecutive  periods  of  2  to  6  days. 
These  curves  also  show  clearly  the  manner  in  which  the  depths  increase 
with  the  average  period  of  time  between  occurrences. 

The  four  quadrangles  for  which  curves  are  shown  in  figures  44 
to  47,  were  selected  to  show  the  varying  characteristics  in  different 
sections  of  the  country.  The  curves  for  quadrangle  3-D,  figure  44, 
indicate  that  in  this  quadrangle  from  65  to  75  per  cent  of  the  total 
rainfall  occiurs  on  the  maximum  day  in  a  1  to  6-day  period  of  excessive 
precipitation.  In  quadrangle  9-E,  figure  45,  these  percentages  are 
reduced  to  between  50  and  60.  Similar  percentages  are  determinable 
for  the  other  two  sets  of  curves.  The  curves  for  quadrangle  12-J, 
figure  46,  indicate  the  dominance  of  the  storms  of  long  duration  to 
which  the  Gulf  coast  is  subject.  A  significant  feature  of  all  the  curves 
is  their  near  approach  to  a  horizontal  position  at  a  frequency  of  100 
years,  indicating  that  the  maximum  depths  of  rainfall  already  recorded 
will  probably  not  be  greatly  exceeded  in  the  future. 

The  isopluvial  charts  may  be  used  to  advantage  in  the  preparation 
of  frequency  curves  for  the  design  of  sewer  systems,  bridge  and  culvert 
openings  for  small  drainage  basins,  and  in  the  design  of  dams,ievees, 
and  channel  improvements  where  the  watersheds  involved  are  not 
more  than  a  few  square  miles  in  area.  Since  each  pluvial  index  repre- 
sents the  excessive  precipitation  at  only  one  station,  it  will  be  seen 
that  the  rainfall  values  are  applicable  to  only  small  areas.  For  the 
larger  areas  the  reader  is  referred  to  the  results  of  the  time-area-depth 
investigations  given  in  chapter  VIII. 


CHAPTER  VI,— SELECTING  AND  SIZING  THE 

160  GREAT  STORMS 

The  discussion  of  rainfall  statistics  in  the  last  two  chapters  was 
limited  to  a  consideration  of  excessive  precipitation  records  at  indi- 
vidual stations.  This  involved  the  two  important  rainfall  factors  of 
depth  and  duration,  but  ignored  a  third  factor,  area,  which  is  equally 
important.  The  next  logical  step  in  the  investigation,  therefore,  is 
to  study  a  number  of  large  storms  as  a  whole,  giving  consideration  to 
all  three  of  the  factors,  time,  area,  and  depth,  which  determine  the 
size  of  storms. 

This  chapter  is  devoted  to  a  description  of  the  methods  used  in 
selecting  and  determining  the  relative  sizes  of  160  great  storms. 
These  will  be  used  in  subsequent  chapters  in  a  discussion  of  seasonal 
and  geographical  distribution,  frequency,  and  cyclic  variation  of 
storms.  Several  of  the  largest  and  most  important  of  these  160 
storms  are  also  later  studied  and  discussed  in  much  greater  detail 
as  to  their  time-area-depth  relations,  by  means  of  maps  and  curves. 

PERIOD  COVERED 

Before  proceeding  with  the  actual  selection  of  storms  it  was  neces- 
sary to  determine  what  period  of  years  the  investigation  should  cover. 
It  is,  of  course,  highly  desirable  to  have  this  period  as  long  as  possible, 
and  still  be  sure  that  the  rainfall  records  during  the  entire  time  are 
sufficiently  numerous  and  well  distributed  to  warrant  deductions  as  to 
the  size,  frequency,  seasonal  distribution,  and  cyclic  variation  of  the 
storms  which  occurred. 

Prior  to  1843  the  records  are  so  few  and  scattered  as  to  be  of 
negUgible  value  for  the  objects  here  in  view.  From  1843  to  1872 
there  were  still  very  few  rainfall  gaging  stations,  and  consequently 
the  chance  was  remote  that  the  center  of  a  storm  area  would  occur 
near  one  of  these.  It  was  still  more  unlikely  that  any  but  the  greatest 
storms  would  cause  unusual  rainfall  records  at  two  or  more  of  these 
widely  separated  stations.  Only  the  greatest  storm  of  this  period, 
that  of  October  3-4,  1869,  over  Connecticut,  was  therefore  selected 
for  further  study  and  comparison  with  the  greatest  storms  of  recent 
years  in  the  same  region. 

Although  for  the  next  nineteen  years,  1873-1891,  the  number  of 
rainfall  gaging  stations  was  considerably  greater,  the  same  handicap 
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persists,  that  is,  there  were  not  sufficient  recor4s  to  be  sure  of  including 
the  smaller  storms.  For  this  reason,  therefore,  detail  consideration 
was  limited  to  the  two  greatest  storms  of  that  period:  that  of  July 
27-31,  1887,  central  over  Georgia,  and  that  of  May  31-Jime  1,  1889, 
central  over  Pennsylvania. 

On  July  1,  1891,  the  Weather  Bureau  of  the  United  States  Depart- 
ment of  Agriculture  took  over  the  cUmatological  work  which  for  twenty 
years  had  been  conducted  by  the  Signal  Service  of  the  War  Depart- 
ment. A  large  number  of  additional  observing  stations  were  soon 
estabUshed,  especially  in  those  parts  of  the  country  where  but  few  had 
existed  prior  to  that  time.  We  can  feel  sure,  for  the  25-year  period 
1892-1916,  that  not  only  have  we  records  of  ^,11  the  storms  that  have 
occurred  which  come  within  the  selected  limits,  but  also  that  the  data 
is  sufficient  to  warrant  a  study  of  comparative  sizes  by  means  of  their 
time-area-depth  relations,  and  a  study  of  their  average  frequency  and 
seasonal  distribution. 

It  is  to  this  25-year  period  that  the  greatest  amount  of  study  has 
been  given.  In  the  determination  of  storm  frequency,  and  seasonal 
and  geographical  occurrence  in  the  next  chapter,  no  attempt  is  made 
to  use  the  less  complete  data  for  the  50  years  prior  to  1892;  and  in 
discussing  in  detail  in  a  later  chapter  the  time,  area,  and  depth  storm 
factors,  consideration  is  Umited,  for  this  50-year  period,  to  only  the 
three  great  storms  just  mentioned.  We  do  not  believe  we  are  justi- 
fied, however,  in  ignoring  altogether  the  data  for  those  early  years 
It  has  very  decided  value  in  supplementing  and  corroborating  the 
storm  experience  of  the  past  25  years,  and  will  be  further  discussed 
in  a  later  chapter  in  connection  with  the  time-area-depth  relations  of 
30  of  the  most  important  storms  of  the  past  25  years. 

SELECTING  THE  STORMS 

In  selecting  the  more  important  from  the  large  number  of  storms 
which  were  recorded  during  the  25-year  period,  1892-1916,  it  was 
necessary  to  fix  maximum  limits  of  area  and  duration  which  were  to 
be  treated  as  being  comprised  in  a  single  storm.  Obviously,  it  was 
also  necessary  to  fix  minimum  Umits  of  depth  and  area  in  order  to 
exclude  the  numerous  storms  of  such  small  area  and  depth  as  to  be 
of  little  or  no  consequence  in  an  investigation  of  this  nature.  The 
fixing  of  these  Umits  was  done  somewhat  arbitrarily,  the  principal 
object  being  so  to  choose  them  as  to  include  all  storms  which  could 
possibly  be  of  interest.  The  criterion  adopted  was  that  each  storm 
selected  should  have  not  less  than  five  station  records  having  a  3-day 
precipitation  equaling  or  exceeding  6  inches. 
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Of  such  stonns,  160  were  found  which  occurred  during  the  years 
1892-1916.  A  hst  of  these,  divided  into  two  groups,  northern  and 
southern,  is  given  in  tables  4  and  5,  giving  for  each  storm  the  identi- 
fication number,  date,  geographical  location  of  principal  center,  as 
well  as  the  highest,  fifth  highest,  tenth  highest,  and  twentieth  highest 
3-day  precipitation  records.  The  storms  marked  with  asterisks  are 
the  largest  and  most  important  and  of  these  a  detail  study  as  to  their 
time-area-depth  relations  is  made  in  a  subsequent  chapter. 

The  actual  location  of  all  the  storms  of  which  there  are  records, 
and  which  come  within  the  Umits  just  described,  required  a  careful 
and  extended  search  of  several  sources.  Most  of  them  were  located  by 
consulting  the  monthly  rainfall  chart  and  the  notes  on  floods  in  the 
Monthly  Weather  Review.*  On  the  chart  appear  isohyetals  showing 
the  precipitation  over  the  entire  United  States  for  the  current  month. 
Notes  in  the  text  generally  supplement  the  chart,  and  explain  in  some 
detail  the  nature  and  extent  of  unusual  storms.  Since  these  charts 
show  the  amount  of  rainfall  for  an  entire  month,  it  occasionally 
happens  that  although  there  is  a  large  rainfall  over  an  extensive  area 
it  is  so  distributed  throughout  the  month  that  the  maximum  five 
consecutive  da3rs  appear  as  a  storm  of  Uttle  or  no  consequence.  In 
such  cases  as  this,  the  notes  in  the  text  on  storms  and  floods  sometimes 
indicate  the  character  of  the  precipitation,  but  it  was  generally  neces- 
sary to  refer  to  the  daily  rainfall  records  of  stations  in  the  storm  area 
to  determine  whether  the  precipitation  shown  by  the  chart  was  dis- 
tributed over  an  extended  period  of  time,  or  fell  principally  as  a  storm 
sufficiently  intense  to  come  within  the  Umits  chosen.  Months  for 
which  the  rainfall  chart  indicated  that  no  storm  of  the  defined  inten- 
sity could  have  occurred  were  passed  by  without  further  search. 

DETERMINING  THE  RELATIVE  SIZES  OF  THE  STORMS 

It  was  early  observed  that  the  largest  storms  of  the  north  and 
east  never  approach  in  depth  and  intensity  the  maximum  Gulf  coast 
and  southern  Atlantic  seaboard  storms.  To  establish  an  equitable 
basis  for  comparison  of  size  all  the  storms  were  divided  into  two 
groups,  the  northern  group  and  the  southern  groijp.  The  line  of 
division  was  somewhat  arbitrarily  chosen  along  the  north  boundaries 
of  North  Carolina,  Tennessee,  Arkansas,  and  Oklahoma.  Of  the  160 
storms,  47  are  in  the  northern,  and  113  in  the  southern  group.    This 

*The  Signal  Service  of  the  War  Department  first  published  the  Monthly 
Weather  Review  in  January  1873  and  continued  to  issue  it  monthly  until  1892, 
when  the  Weather  Bureau  of  the  U.  S.  Department  of  Agriculture  was  formed  to 
take  over  the  meteorological  work  of  the  Signal  Service.  Since  1892  the  Weather 
Review  has  been  the  principal  official  periodical  of  the  Weather  Bureau. 
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Table  4. — Chronological  list  of  49  Great  Northern  Storms. 

The  greatest,  fifth,  tenth,  and  twentieth  highest  rainfall  records  in  inches  for 
the  maximum  period  of  3  days  in  each  storm  are  given.  The  asterisks  (*)  denote 
important  storms  of  which  the  time-area-depth  relations  were  studied  .in  detail  by 
means  of  maps  and  curves. 


fit      n      1 

Date 

Cent«r 

High  RAlnfall  Records  In  Inehes 

Btorm 

Max. 

6th 

lOtli 

20th 

a* 
c* 

1869 
1889 

Oct.     3-  4 
May  31-June  1 

Conn. 
Pa. 

4 

1893 

May  15-17 

Ohio 

8.40 

6.65 

5.22 

3.40 

10* 

1894 

May  18-22 

Pa. 

9.20 

8.66 

7.84 

7.10 

12 

1894 

Sept.  18-20 

N.J. 

9.30 

7.29 

5.55 

4.72 

14 

1895 

Oct.  11^-14 

Mass. 

8.49 

7.65 

7.33 

6.72 

15* 

1895 

Dec.  17-20 

Mo. 

11.90 

9.25 

7.09 

6.15 

18 

1896 

June    4r-  6 

Neb. 

12.30 

6.20 

4.85 

3.97 

21 

1896 

Sept.  28-^ 

Va. 

6.90 

6.00 

5.36 

4.28 

23 

1897 

Jan.     1-  3 

Mo. 

9.04 

7.75 

6.70 

5.97 

25* 

1897 

July  12-14 

Conn. 

10.30 

8.59 

6.87 

5.57 

26 

1897 

July  27-29 

N.J. 

9.09 

6.08 

5.06 

3.65 

31 

1898 

July    6-  8 

Mo. 

9.75 

6.84 

4.30 

3.55 

33 

1898 

Aug.    3-  5 

Pa. 

7.00 

6.02 

3.87 

3.24 

39 

1898 

Sept.  29-Oct.  1 
July  14-16 

Mo. 

13.79 

9.44 

8.03 

5.20 

61* 

1900 

Iowa 

13.70 

8.20 

6.39 

4.06 

52 

1900 

Sept.   9-11 

Minn. 

7.24 

6.21 

5.75 

5.10 

65 

1902 

June  27-29 

lU. 

8.10 

6.76 

6.01 

5.31 

67 

1902 

Sept.  21-23 

Kans. 

8.07 

6.61 

5.34 

4.38 

68 

1902 

Sept.  24-26 

Md. 

8.80 

6.19 

5.05 

4.30 

72* 

1903 

Aug.  25-28 

Iowa 

15.46 

10.18 

8.14 

5.80 

73 

1903 

Sept.  12-14 

Wis. 

6.19 

5.81 

4.88 

3.20 

76* 

1903 

Oct.     8-  9 

N.J. 

15.00 

10.66 

9.78 

8.30 

77 

1904 

Mar.  24-26 

m. 

7.16 

6.52 

6.02 

4.89 

79 

1904 

Sept.  13-15 

N.J. 

9.00 

7.10 

6.47 

5.80 

83* 

1905 

June    9-10 

Iowa 

12.10 

7.25 

4.80 

3.30 

84 

1905 

July  19-21 

Mo. 

7.60 

6.45 

4.51 

3.18 

86* 

1905 

Sept.  15-19 

Mo. 

10.50 

8.06 

7.58 

5.55 

87 

1905 

Oct.  16-18 

Mo. 

7.97 

6.47 

5.24 

3.73 

91 

1906 

Sept.  16-18 

Kans. 

8.75 

6.39 

4.57 

3.60 

94 

1907 

Jan.     2-  4 

Ark. 

9.61 

7.79 

6.82 

5.99 

97 

1907 

July  14r-16 

Iowa 

11.10 

6.70 

5.30 

4.41 

109* 

1909 

July    &-7 

Mo. 

11.23 

8.54 

7.55 

6.36 

110* 

1909 

July  20-22 

Wis. 

12.77 

8.50 

6.45 

4.31 

111 

1909 

Nov.  IZ-U 

Kans. 

7.18 

6.85 

6.18 

5.30 

113 

1910 

Aug.  28-30 

Neb. 

8.52 

6.50 

4.85 

2.69 

114* 

1910 

Oct.     4r-  6 

111. 

15.18 

11.50 

10.30 

8.90 

119 

1911 

Aug.  29-31 

N.J. 

7.67 

6.65 

6.28 

5.66 

125* 

1912 

July  20-24 

Wis. 

11.25 

5.27 

4.29 

2.90 

127 

1912 

Sept.  23-25 

Md. 

7.75 

6.73 

5.60 

4.56 

129 

1913 

Jan.     6-  8 

Tenn. 

9.48 

7.36 

6.45 

5.55 

130* 

1913 

Jan.   10-12 

Ark. 

7.39 

6.70 

5.74 

5.15 

132* 

1913 

Mar.  23-27 

Ohio 

10.23 

8.98 

8.75 

8.17 

142 

1914 

Sept.   7-  9 

Mo. 

7.83 

6.13 

5.14 

3.74 

143 

1914 

Sept.  13-15 

Iowa 

9.22 

6.48 

5.99 

5.28 

148 

1915 

May  26-28 

Mo. 

10.63 

7.10 

5.98 

5.26 

151* 

1915 

Aug.  17-20 

Ark. 

14.00 

11.73 

10.49 

8.70 

153 

1915 

Sept.   7-  9 

Kans. 

10.33 

6.30 

4.23 

3.41 

■ 

158 

1916 

Aug.  13-15 

111. 

9.88 

6.49 

5.15 

3.20 

8 
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Table  5. — Chronological  list  of  114  Great  Southern  Storms 

The  greatest,  fifth,  tenth,  and  twentieth  highest  rainfall  records  in  inches  for 
the  maximum  period  of  3  days  in  each  storm  are  given.  The  asterisks  (*)  denote 
important  storms  of  which  the  time-area-depth  relations  were  studied  in  detail  by 
means  of  maps  and  curves. 


storm 

Date 

Center 

Hlgb  Rainfall  Records  tn  Inebee 

Max. 

fith 

lom 

SOth 

b* 

1887 

July  27-31 

Ga. 

1 

1892 

Jan.  11-13 

Ala. 

13.62 

7.45 

4.98 

4.19 

2 

1892 

Apr,    5-  7 

Ala. 

10.62 

7.79 

7.10 

4.82 

3 

1892 

Apr.  20-22 
Rlay  26^28 

La. 

9.60 

^.62 

5.10 

3.60 

5 

1893 

Ark. 

10.80 

7.37 

6.30 

4.32 

6 

1893 

Aug.  26-28 

S.  C. 

13.22 

8.45 

6.86 

5.70 

7 

1893 

Sept.   6-  8 

La. 

13.15 

8.32 

6.75 

4.87 

8 

1894 

Mar.  18-20 

Ark. 

9.49 

8.13 

7.26 

6.08 

9 

1894 

Apr.  29-May  1 

Tex. 

6.92 

6.35 

5.20 

3.50 

11 

1894 

Aug.    4-  6 

S.  C. 

10.25 

6.96 

6.15 

4.97 

13* 

1894 

Sept.  24-26 

Fla. 

12.60 

11.07 

9.84 

5.42 

16 

1896 

Jan.  31-Feb.  2 

MiH8. 

7.52 

7.15 

6.16 

5.22 

17 

1896 

Apr.  12-14 

Miss. 

8.60 

7.21 

5.42 

3.72 

19 

1896 

July    6-  8 

S.  C. 

8.09 

7.43 

6.62 

6.20 

20 

1896 

Sept.  19-21 

La. 

8.30 

6.18 

6.00 

4.16 

22 

1896 

Sept.  25-27 

Tex. 

9.00 

7.98 

5.96 

3.62 

24* 

1897 

Mar.  22-23 

Ga. 

11.89 

9.84 

6.46 

4.08 

27 

1897 

Aug.  17-19 

Ia. 

7.80 

7.11 

5.97 

4.50 

28 

1897 

Sept.  20-22 

Fla. 

12.40 

7.04 

5.83 

4.39 

29 

1897 

Dec.    2-  4 

Miss. 

9.11 

7.83 

6.03 

4.33 

30 

1898 

May    3-  5 

Okla. 

8.53 

7.03 

5.52 

4.45 

32 

1898 

July  11-13 

Fla. 

16.03 

6.86 

6.41 

4.23 

34 

1898 

Aug.  27-29 

Ga. 

12.32 

8.74 

6.50 

4.15 

35 

1898 

Sept.    1-  3 

Ga. 

10.46 

7.48 

6.30 

4.95 

36 

1898 

Sept.  10-12 

La. 

9.30 

7.02 

5.75 

4.39 

37 

1898 

Sept.  21-23 

N.C. 

8.30 

6.30 

4.16 

3.10 

38 

1898 

Sept.  29-Oct.  1 

La. 

13.79 

9.44 

8.03 

5.20 

40 

1898 

Oct.     2-  4 

Ga. 

13.02 

8.00 

6.25 

6.10 

41 

1899 

Jan.     4-  6 

La. 

9.17 

7.59 

6.62 

4.74 

42 

1899 

Mar.  13-15 

Ala. 

10.25 

7.51 

6.75 

6.12 

43* 

1899 

June  27-July  1 

Tex. 

33.00 

10.50 

7.30 

4.62 

44 

1899 

Oct.     2-  4 

Fla. 

19.90 

7.70 

4.91 

3.00 

45 

1899 

Dec.    9-11 

Miss. 

8.83 

7.00 

6.26 

4.41 

46 

1900 

Jan.     9-11 

La. 

10.22 

7.08 

5.21 

4.05 

47 

1900 

Feb.  10-12 

Ga. 

12.25 

7.92 

6.41 

5.50 

48 

1900 

Apr.    5-  7 

Tex. 

8.80 

6.39 

5.30 

4.23 

49* 

1900 

Apr.  15-17 

MlRS. 

13.90 

11.92 

10.12 

8.48 

50 

1900 

July  13-15 

Tex. 

15.97 

7.98 

4.60 

3.17 

53 

1900 

Sept.  21-23 

Tex. 

10.60 

7.65 

5.59 

3.70 

54 

1901 

Jan.   10-12 

Miss. 

8.00 

6.50 

5.50 

4.43 

55 

1901 

May  20-22 

N.C. 

8.02 

7.03 

6.75 

6.00 

56 

1901 

June  11-13 

Fla. 

15.71 

11.35 

5.39 

3.87 

57 

1901 

Aug.    5-  7 

N.C. 

7.09 

6.68 

6.40 

5.37 

58 

1901 

Aug.  14-16 

Ala. 

12.02 

8.55 

7.04 

6.18 

59 

1901 

Sept.  16-18 

Ga. 

11.44 

8.23 

7.16 

6.03 

60 

1901 

Dec.  27-29 

Ala. 

8.78 

6.85 

6.09 

5.34 

61 

1902 

Feb.  26-28 

Ga. 

9.50 

7.13 

6.20 

5.00 

62 

1902 

Mar.  15-16 

Ga. 

10.20 

7.68 

5.3 

3.5 

63* 

1902 

Mar.  26-29 

MiRfl. 

10.78 

9.52 

8.50 

7.30 

64 

1902 

June  26-28 

Tex. 

10.11 

6.52 

5.27 

3.17 

66 

1902 

July  30-Aug.  1 

Ark. 

10.24 

7.68 

6.91 

5.56 

69 

1902 

Dec.    2-  4 

Fla. 

14.38 

7.25 

5.93 

4.11 

70 

1903 

May  12-14 

Ala. 

11.16 

7.67 

6.64 

4.80 

71 

1903 

July     1-  3 

Tex. 

13.73 

7.20 

5.75 

4.35 
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Table  5. — Continued. 


storm 

Date 

Center 

MU. 

5th 

loth 

90th 

74 

1903 

Sept.  12-14 

Fla. 

10.00 

7.07 

5.10 

2.95 

76 

1903 

Sept.  13-15 

Ga. 

12.20 

9.00 

7.30 

5.57 

78 

1904 

June    2-  4 

Okla. 

11.88 

7.00 

6.68 

6.07 

80 

1904 

Dec.  25-27 

La. 

10.05 

8.92 

8.25 

6.35 

81 

1905 

Feb.  11-13 

Ga. 

7.20 

6.65 

6.11 

5.15 

82 

1905 

Apr.  24-26 

La. 

9.03 

6.10 

5.07 

3.95 

85 

1905 

Aug.    3-  5 

Fla. 

12.23 

6.19 

4.66 

3.16 

88 

1906 

Mar.  18-20 

Miss. 

8.45 

6.95 

6.55 

5.90 

89 

1906 

May  22-24 

Fla. 

12.46 

9.00 

6.50 

3.84 

90 

1906 

Aug.    6-  8 

Okla. 

9.58 

6.73 

5.30 

4.28 

92 

1906 

Sept.  26-28 

Ala. 

12.45 

9.96 

7.26 

6.52 

93* 

1906 

Nov.  17-21 

Ark. 

13.00 

10.25 

8.90 

6.75 

95 

1907 

May    8-10 

La. 

13.66 

8.91 

6.74 

4.73 

96 

1907 

May  29-31 

I/a. 

10.51 

8.10 

7.35 

5.85 

98 

1907 

Sept.  27-29 

Fla. 

10.40 

6.80 

6.25 

6.10 

99 

1907 

Nov.  18-20 

Ark. 

7.75 

6.65 

6.49 

5.36 

100 

1908 

May  22-24 

Okla. 

9.03 

8.50 

8.28 

7.19 

101 

1908 

July  29-31 

N.  C. 

10.73 

7.60 

4.83 

3.07 

102* 

1908 

July  28-Aug.  1 

La. 

17.62 

8.14 

6.62 

4.11 

103* 

1908 

Aug.  24-26 

N.  C. 

15.58 

12.83 

9.62 

8.30 

104 

1908 

Sept.  24-26 

Fla. 

7.50 

6.56 

5.90 

4.43 

105* 

1908 

Oct.  20-24 

Okla. 

13.00 

10.18 

7.78 

6.69 

106 

1909 

May  25-27 

Miss. 

11.32 

8.44 

7.39 

6.46 

107 

1909 

June    1-  3 

Miss. 

9.62 

6.86 

5.77 

4.96 

108* 

1909 

June  29-July  3 

Fla. 

15.85 

10.67 

8.65 

6.50 

112 

1910 

June  12-14 

Fla. 

8.47 

7.21 

5.30 

4.20 

115 

1910 

Oct.   1^18 

Fla. 

10.20 

9.06 

7.78 

5.11 

116 

1911 

Apr.  13-15 

Ark. 

9.33 

6.45 

5.96 

4.71 

117 

1911 

Aug.  13-15 

Ark. 

10.61 

7.17 

5.63 

4.62 

118 

1911 

Aug.  29-31 

Ga. 

19.12 

8.85 

5.70 

4.02 

120 

1911 

Dec.  11-13 

La. 

8.50 

6.63 

6.00 

4.88 

121 

1912 

Mar.  14-16 

S.C. 

6.45 

6.08 

5.76 

4.95 

122 

1912 

Apr.  15-17 

Miss. 

8.86 

7.02 

6.20 

5.26 

123 

1912 

Apr.  20-22 

Fla. 

9.50 

7.25 

6.31 

5.32 

124 

1912 

June    8-10 

Fla. 

13.85 

7.02 

5.46 

3.67 

126 

1912 

Aug.    9-11 

Tex. 

13.25 

6.19 

3.78 

2.71 

128 

1912 

Dec.    3-  5 

Miss. 

7.80 

6.78 

5.92 

5.00 

131 

1913 

Mar.  13-15 

Ala. 

14.06 

8.63 

7.68 

6.10 

133 

1913 

Sept.  13-15 

Ark. 

11.43 

7.54 

6.90 

6.28 

134 

1913 

Sept.  25-27 

T^a. 

13.33 

10.34 

8.53 

6.52 

135* 

1913 

Oct.     1-  2 

Tex. 

14.47 

10.44 

8.51 

5.42 

136* 

1913 

Dec.    2-  5 

Tex. 

14.45 

11.00 

9.68 

7.95 

137 

1914 

Mar.  26-28 

La. 

12.87 

9.00 

7.00 

6.08 

138 

1914 

Apr.  26-28 
May  28-30 

Tex. 

14.84 

7.45 

6.46 

4.98 

139 

1914 

Tex. 

11.92 

6.28 

4.66 

3.21 

140 

1914 

July  13-15 

La. 

10.17 

9.25 

6.61 

2.30 

141 

1914 

Aug.    6-  8 

Tex. 

12.33 

7.90 

6.36 

4.78 

144* 

1914 

Oct.  14-15 

N.C. 

12.00 

7.00 

5.72 

4.25 

145 

1914 

Oct.  23-25 

Tex. 

15.00 

9.10 

6.40 

4.60 

146 

1915 

Apr.  22-24 
M  ay    6-  8 

Tex. 

11.80 

8.30 

6.69 

4.50 

147 

1915 

Fla. 

8.62 

6.03 

5.47 

4.62 

149 

1915 

July    3-  5 

Tia. 

10.86 

7.44 

6.42 

5.33 

150 

1915 

Aug.    1-  3 

Fla. 

16.61 

10.11 

6.63 

4.12 

152 

1915 

Sept.  29-Oct.  1 

Miss. 

10.40 

7.10 

5.85 

4.85 

154 

1916 

May    1-  3 

Tex. 

7.90 

6.95 

5.98 

4.95 

155 

1916 

May  21-23 

La. 

10.05 

8.47 

6.65 

5.30 

156* 

1916 

July     6-10 

Ala. 

19.69 

15.26 

12.48 

9.91 

157* 

1916 

July  14-16 

N.C. 

23.68 

16.77 

14.70 

10.70 

159 

1916 

Oct.   16-18 

La. 

13.08 

7.80 

5.98 

3.95 

160 

1916 

Dec.  20-22 

Fla. 

7.89 

6.01 

5.44 

4.20 
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grouping  of  the  storms  has  certain  conspicuous  defects,  as  it  places 
Iowa  and  Illinois  storms  in  the  same  class  with  those  of  New  England, 
although  the  sources  and  characteristics  of  the  two  types  are  quite 
dififerent.  Similarly,  in  the  southern  group,  the  storms  of  Texas  and 
the  CaroUnas  are  grouped  together  though  they  differ  materially  in 
type.  But  aside  from  these  defects  the  subdivision  has  proved  to  be 
of  material  assistance  not  only  in  making  an  intelUgent  analysis 
possible  of  the  relative  sizes  of  storms,  but  also  by  bringing  out  clearly 
facts  relating  to  their  seasonal  distribution. 

The  relative  sizes  of  the  storms  were  determined  by  showing 
graphically  the  20  highest  3-day  rainfall  records  in  each  storm.  To 
do  this,  each  storm  was  given  a  separate  ordinate  on  a  sheet  of  cross 
section  paper,  and  on  this  ordinate  were  platted  the  highest,  the  fifth 
highest,  the  tenth  highest,  and  the  twentieth  highest  values  for  the 
maximum  3-day  period  of  the  storm.  The  storms  were  then  rated 
as  to  size  according  to  the  fifth  highest  value.  Figure  48,  plotted  in 
this  manner,  shows  the  47  great  northern  storms  and  the  113  great 
southern  storms  arranged  in  order  of  size.  The  upper  and  lower 
extremities  of  the  lines  representing  the  storms  show,  respectively, 
the  highest  and  twentieth  highest  values;  the  upper  and  lower  circles 
show,  respectively,  the  fifth  highest  and  tenth  highest  values.  The 
soUd  Unes  represent  storms  for  which  maps  and  time-area-depth  curves 
were  drawn.  The  storms  can  be  identified  by  means  of  the  numbers 
near  the  lower  margin,  which  are  the  same  as  those  in  tables  4  and  5. 

The  fifth  highest  value  was  chosen  as  a  basis  for  comparing  the 
size  of  the  storms  because  the  average  area  represented  by  five  stations 
is  about  equal  to  that  of  the  largest  reservoir  watershed  in  the  Miami 
Valley  flood  control  project.  On  this  basis  of  comparison  two  of  the 
variable  factors,  time  and  area,  are  kept  approximately  constant, 
while  the  third  variable,  depth,  determines  the  comparative  size  of 
the  storm. 

The  3-day  maximum  period  was  chosen  for  several  reasons.  Many 
intense  storms  last  only  1,  2,  or  3  days,  and  obviously  it  would  not  be 
wise  to  compare  the  maximum  records  of  such  short  storms  with 
records  representing  the  total  precipitation  of  5-day  or  6-day  storms. 
On  the  other  hand,  it  would  not  be  fair  to  compare  the  maximum 
1-day  records  of  a  6-day  storm  with  the  maximum  1-day  records  of  a 
1-day  storm.  The  3-day  period  is  considered  a  fair  average  for  the 
purpose  of  comparing  these  types  of  storm  in  so  far  as  it  is  possible 
to  institute  such  comparisons.  Another  important  reason  for  choosing 
the  3-day  period  is  that  a  storm  of  this  concentration  places  a  maximimi 
burden  on  the  flood  protection  system  that  is  planned  for  the  Miami 
Valley. 
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As  stated,  the  areas  of  all  the  storm  centers  are  made  approximately 
the  same  for  pm'poses  of  comparison  by  using  the  records  of  an  equal 
number  of  stations,  namely  five,  at  the  center  of  each  storm.  This 
method  is  fairly  reliable  when  applied  to  storms  in  the  same  section 
of  the  United  States,  but  cannot  be  used  so  successfully  in  comparing 
the  areas  of  storms  in  different  parts  of  the  coimtry,  as  there  are  more 
stations  in  a  given  number  of  square  miles  in  some  sections  than  in 
others.  Fortunately,  for  the  purposes  of  the  Miami  Conservancy 
District,  the  rainfall  gaging  stations  are  much  closer  together  in  the 
northeastern  part  of  the  country  than  in  the  south  and  west.  In  the 
former  section,  the  greatest  storms  are  generally  of  much  less  depth 
and  area  than  in  the  latter  section.  The  distribution  of  rainfall 
stations  tends,  therefore,  to  equalize  the  number  of  storms  chosen 
from  the  different  sections. 

The  above  method  of  comparing  storm  sizes  is  of  little  value  when 
applied  to  two  storms,  one  of  which  occurred  prior  to  1892  and  the 
other  subsequent  to  that  time.  In  such  cases  the  tendency  always 
is  to  picture  the  earlier  storm  smaller  than  it  really  was,  on  account 
of  the  greater  scarcity  of  observing  stations.  This  introduces  a  two- 
fold error.  A  greater  area  is  represented  by  an  equal  number  of 
stations  in  the  earlier  than  in  the  later  storm,  and,  since  the  stations 
are  more  widely  separated  in  the  earlier  storm,  there  is  less  probability 
of  the  center  of  the  storm  having  occurred  at  or  near  any  station,  that 
is,  the  higher  rates  of  rainfall  may  not  have  been  recorded  at  all.  It 
follows  from  these  considerations  that  a  given  number  of  rainfall 
records,  such  as  the  five  here  arbitrarily  chosen,  will  for  early  storms 
necessarily  give  lower  values  than  for  the  later  storms,  and  that  such 
values  will  become  progressively  smaller  the  earlier  the  storm  selected. 
For  this  reason  none  of  the  storms  prior  to  1892  are  shown  on  the 
charts  in  figure  48. 


CHAPTER  VII.— GEOGRAPHICAL  LOCATION 

SEASONAL  DISTRIBUTION,  AND  PRE- 

QUENCY  OF  THE  160  GREAT 

STORMS 

The  geographical  and  seasonal  distribution  of  the  160  storms 
discussed  in  chapter  VI  are  shown  by  the  charts  in  figure  49  and  by 
the  maps  in  figures  50  to  57.  The  geographical  division  of  the  storms 
into  northern  and  southern  groups,  made  in  the  preceding  chapter, 
has  been  retained  in  the  following  discussion.  In  addition,  the  storms 
of  each  group  have  been  divided,  according  to  the  time  of  the  year 
in  which  they  occurred,  into  four' seasonal  groups  each  containing  all 
of  the  storms  that  occurred  in  a  particular  quarter  of  the  year. 

The  division  of  the  year  into  quarters  was  determined  from  the 
charts  shown  in  figure  49.  These  charts  have,  along  their  horizontal 
axes,  12  spaces  to  represent  the  months  of  the  year.  Each  storm  is 
platted  as  a  vertical  line,  chronologically  on  the  horizontal  axis,  show- 
ing, as  in  figure  48,  the  highest,  the  fifth  highest,  the  tenth  highest, 
and  the  twentieth  highest  3-day  values.  From  a  study  of  these  charts 
it  was  decided  to  divide  the  year  into  quarters  beginning,  respectively, 
November  1,  February  1,  May  1,  and  August  1.  These  will  be  referred 
to  as  the  first,  second,  third,  and  fourth  quarters. 

The  eight  maps,  figures  50  to  57,  show  the  storms  occurring  in  the 
northern  and  southern  groups  during  the  four  quarters,  there  being 
one  map  for  each  quarter  for  each  group.  The  first  four  maps  show 
the  storms  in  the  northern  group,  and  the  next  four  show  those  in  the 
southern  group.  Each  storm  is  represented  by  its  6-inch  isohyetal 
for  the  maximum  3-day  period  of  rainfall.  It  can  be  identified  nu- 
merically by  means  of  the  table  accompanying  each  map.  This  table 
also  gives  the  area  in  square  miles  enclosed  by  the  6-inch  isohyetal, 
and  the  average  depth  of  precipitation  in  inches  over  that  area. 
Where  the  storm  extends  beyond  the  coast  line,  the  area  and  average 
depth  given  are  for  the  land  area  enclosed  by  the  6-inch  isohyetal. 

NORTHERN  STORMS 

There  are  6  storms  recorded  in  the  first  quarter  of  the  year  in  the 
northern  group.  As  shown  in  figure  50,  all  of  these  occurred  in  the 
lower  Mississippi  and  Missouri  River  valleys.  In  the  second  quarter, 
only  2  are  recorded.    One  of  these,  number  132,  March  24r-26,  1913, 
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caused  the  disastrous  floods  throughout  the  Ohio  Valley.  This  storm, 
as  will  be  seen  by  referring  to  figure  51,  was  very  much  greater  and 
occurred  farther  north  and  east  than  number  77.  The  latter  storm 
occurred  in  southern  Illinois  not  far  north  of  the  mouth  of  the  Ohio 
River.  The  fact  that  only  two  storms  of  material  size  have  occurred 
in  the  northern  part  of  the  United  States  at  this  season  diuing  the 
past  25  years  indicates  that  storm  132  was  phenomenal  in  time  of 
occurrence  as  well  as  in  depth  of  precipitation  and  area  covered. 

During  the  third  quarter  the  storms  of  this  group  are  located 
principally  in  the  Mississippi  and  Missouri  River  valleys.  Two  storms 
of  about  the  average  size  for  this  quarter,  numbers  10  and  25,  and  one 
comparatively  small  storm,  number  26,  are  located  on  the  Atlantic 
Coast  in  eastern  Pennsylvania,  New  Jersey,  and  the  New  England 
states.  The  location  and  size  of  the  storms  of  this  quarter  are  shown 
in  figure  52.  One  storm,  number  4,  is  located  on  the  south  shore  of 
Lake  Erie.  Most  of  the  storms  have  comparatively  small,  kidney 
shaped  areas,  were  of  short  duration  and  had  intense  rainfall,  both 
of  which  factors  are  typical  of  thunderstorms. 

It  is  during  the  fourth  quarter,  August  to  October,  that  the  great- 
est storms  occur  in  the  northern  group.  These  are  massed  along  the 
Atlantic  Coast  and  in  the  lower  Mississippi  and  Missouri  River  valleys. 
One  storm,  number  114,  October  4-6,  1910,  extends  from  central 
Arkansas  to  central  Ohio,  as  shown  in  figure  53. 

Storm  a,  October  3-4,  1869,  belongs  to  this  quarter  but  is  not 
shown  on  the  map  because  it  did  not  occur  during  the  years  1892- 
1916.  Its  6-inch  isohyetal  encloses  a  large  part  of  central  New  Eng- 
land, a  condition  which  tends  further  to  establish  the  principal  geo- 
graphical location  of  great  storms  during  this  quarter  of  the  year. 

Although  the  smaller  storms  are  similar  in  shape  to  the  storms  of 
the  third  quarter,  the  larger  ones  are  shaped  more  like  the  storms  of 
the  first  and  second  quarters. 

SOUTHERN  STORMS 

Fifteen  storms  are  recorded  in  the  first  quarter  of  the  year  in  the 
southern-  group.  Thirteen  of  these  are  in  the  lower  Mississippi 
Valley  and  closely  adjoining  regions.  Two  small  storms,  numbers 
69  and  160,  are  in  northeastern  Florida.  The  location  and  size  of  the 
storms  in  the  southern  group,  occurring  in  this  quarter  of  the  year, 
are  shown  in  figure  54. 

In  the  second  quarter  25  storms  are  recorded  in  the  southern 
group.  These  are  shown  in  figure  55.  They  are  all  in  the  interior 
of  the  south,  as  were  all  but  two  of  those  of  the  first  quarter.  This  is 
significant  as  regards  the  origin  of  these  storms.    It  will  be  recalled 


120 


MIAMI  CONSERVANCY  DISTRICT 


STORM  RAINFALL  OF  EASTERN  UNITED  STATES 


122 


MIAMI  CONSERVANCY  DISTRICT 


STORM  RAINFALL  OF  EASTERN  UNITED  STATES 


123 


H 

GQ 


i 

Pi 

CQ 

8 

CQ 


o 
o 

o 
o 


CO 

to 


O 


124 


MIAMI  CONSERVANCY  DISTRICT 


It 

«0«0  <Vl  ^  N  (Vi  (M  O  «0  O  IV  ^r^  If)  ^ 
a6l<t<  K  otSK  Kct  K  <*d  hS^  oi'O 

<0 

-J 

0 

n'n."^  o»  C?  -.*  ">."  <vj  V  -o'nT  —'n  to*  kT 
555550JOJOJ5555555 

1.^ 

Ni  ^  ^  ^  to  «*o  Q  ot  O)  (vi  (si  in  «o 

O  O  * 

.*=  f  • 
«^  o  % 


STORM  RAINFALL  OF  EASTERN  UNITED  STATES 


125 


I 

O 
<0 


1^ 


5 


Y 


■»,  Ok «  V>  «  K  «0  V)  <Q  ^  N)  Q «()  IQ  OV  f^  *0  <Vl  <^  <d  O)  ^  ^  ^ 

«o  KK  lo  kSN*  O)  K  K  <d  cdK'oi  N  ^  td  H>«6  <d  «  K  r>:  <  <o.4) 


fO  Cd  « IS.  Ok  Q  O)  K)  <0  n  fVt  «0  CV4  Cb  ^)  N)  •^  N.  Qt  •>.  V>  <0  K)  ^  ^ 

ro  <o  ^  "^  C4  <o  iT)  fo  ^  10  H)  ^|  V)  Ok  >  ^  ^  IS.  ^t•  r«>  ^  (vi  fsj  «o  <. 


n 


126 


MIAMI  CONSERVANCY  DISTRICT 


r 


rv'^^l^^ 


rv  sj  n:  ot  Cj  CJ  ^<:  ^j  4J  ^:  Id  oi  Hi«o  ^  ^>' ^»' <ci  ^ '^' •<  QO^*-' «S  <)tf  «d«0^  «d  rs>  «6o; 
ir>  «o  N.  •«  «0  "O  « *©  «  >  <0  «0  «0  <0  »*•  "O  >  N.  »0  "O  ^  «V<  ^  «>  y>  K)  "^  ^  o  ^  «o  «Vl 

•i.K)K)  V  IT)  Vt  ^^  *0  (^  r^  ^  aOO\  Ov  (^  Q  OQ  C^  <d '>' tvi  "^  V  ^  ^  *0  ^  *0  V) 

•  —   ■«.  J.  <«.  •«.  J-  -^  •--  «^  —  "s."s.»,^j. 


o  to  * 

V)  VI  V 


STORM  RAINFALL  OF  EASTERN  UNITED  STATES 


127 


i 

K 
O 


1 


o 


1^ 


»( (»<  iW  r<  or!  »;  is;  g(j  ro  IS.' «oo>  «6  <0  ^ 


^  ^  O  «0  «Vj  0>  O  O  00  ^  *~  Ot  «0  »*»  *0  «0  0»  CM  (V.  "0 1^  fVj  Q  OV  «rno  Kj  ^  04  Q^  fs  €0  flO  M  «o  IT)  *)  lo  to  IS,  «^  ""^ 


^  d  ^  ^  6  K  d  d  6  o*  d  vi  d  d  o'  2c  O  6  ^5  o*  ^s  ,j  .^  tj  ^j  ^  .J  ^  ,i  *•  ,i  y-  .*:  ^j  ^-  K-  u  K  Q-  ^-  ^  ^ 


s>>>., 


Ml 


M*^-*^ 


dvQ.di^Q.a  $»E  5*^9.0.0  ♦-•*-•  ad»dv^a9^^5^^Q.  5»  ?.♦'•'-•  ^'S^^*  9.  S-u  ?^^ 


"^     "«w     «»    "•.    «.» 


<o  rv^  lO  o<N4  rs.  <o  ^  lo  «o'^' CO  o  ^lO  rs.  «ook.^  «ov)  o  (\j  Qio  n  ^  >o  K  <o  to  fo  ^r  ^o  ■»  X'>o -^  cvj  o^ 

J*"**"     "^ -«.-*«*.■«.  J. -» ^ -^  —  ^ ->. "» 


t 

«l  ^  ij 

^  Q  ^ 
5»  ^  ^ 

•^^^ 


P^Q 


128  MIAMI  CONSERVANCY  DISTRICT 

that  the  low  pressure  areas  which  accompany  them  originate  in  the 
northwest,  west,  and  southwest,  and  travel  eastward.  Their  paths 
converge  and  focus  in  eastern  Texas  and  Oklahoma  and  then  traverse 
the  country  in  a  northeasterly  direction  in  parallel  lines. 

In  chapter  III  it  was  also  pointed  out  that  these  low  pressure 
areas  travel  much  faster  during  the  winter  than  during  the  summer 
months.  These  two  characteristics  of  winter  lows,  namely,  rapidity 
of  movement,  and  parallel  direction  of  travel,  result  in  the  long  narrow 
shapes  and  parallel  major  axes,  which  are  such  striking  characteristics 
of  all  these  storm  areas. 

It  should  also  be  noted  that  all  these  storms  lie  on  the  ocean  side 
of  the  paths  of  lows.  This  is  not  true  of  the  storms  which  occur 
during  the  summer  months,  as  may  be  seen  by  referring  to  maps  for 
the  third  and  fourth  quarters.  This  is  because  the  paths  of  summer 
lows  are  not  as  definite  as  those  for  winter  lows,  and  they  often  remain 
in  practically  the  same  position  for  several  days.  A  further  reason  is 
that  many  of  the  storms  during  the  third  and  fourth  quarters  are  due 
to  thunderstorm  conditions. 

Another  feature  of  the  southern  group  of  the  first  and  second  quar- 
ters is,  that,  while  the  storms  do  not  lie  very  far  inland,  they  are  far 
enough  so  that  the  6-inch  isohyetal  does  not  intersect  the  coast  line. 
This  is  a  peculiarity  that  is  not  true  of  the  storms  of  the  third  and 
fourth  quarters,  and  is  probably  due  to  the  fact  that  precipitation  is 
not  caused  until  the  warm  moist  winds  reach  the  higher  and  much 
colder  plateau  a  short  distance  inland.  The  effect  of  this  inland  storm 
area  in  the  lower  Mississippi  Valley  is  plainly  evident  on  the  isopluvial 
charts,  figures  13  to  36. 

It  is  during  the  third  quarter.  May  to  July,  that  the  greatest 
storms  generally  occur  in  the  southern  group.  Two  of  the  greatest 
storms  of  record  in  the  United  States,  number  43,  June  27-July  1, 
1899,  over  Texas,  and  number  156,  July  &-10, 1916,  over  Alabama  and 
Georgia,  occurred  during  this  quarter.  A  total  of  32  storms  are 
included  in  this  group.  These  are  shown  in  figure  56,  and  it  is  very 
noticeable  that  they  extend  over  the  entire  south  from  central  Texas 
to  the  Atlantic  Ocean.  However,  a  slight  concentration  seems  to 
exist  along  the  Gulf  Coast.  The  contrast  between  the  southern 
storms  of  long  duration,  and  the  short,  intense  storms  of  the  northern 
group,  during  this  quarter,  is  especially  remarkable. 

Forty-one  storms  occurred  in  the  southern  group  during  the 
fourth  quarter,  August  to  October,  almost  a  third  more  than  for  any 
other  quarter.  These  are  shown  in  figure  57.  It  will  be  noticed 
that  they  are  scattered  over  the  entire  south,  as  was  the  case  in  the 
third  quarter,  and  that  they  are  slightly  concentrated  along  the  Gulf 
Coast,  in  Florida,  and  in  North  and  South  Carolina. 
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In  the  first  half  of  the  year,  during  the  months  of  November  to 
April,  all  storms,  as  here  defined,  occur  in  the  Mississippi  Valley 
from  the  Gulf  of  Mexico  to  Iowa,  Illinois,  Indiana,  and  Ohio.  In  the 
second  half  of  the  year,  May  to  October,  they  occur  principally  along 
the  Atlantic  and  Gulf  coastal  regions  and  in  the  central  Mississippi 
Valley,  the  greater  number  of  the  interior  storms  occurring  west  of 
the  Mississippi  River.  In  both  the  north  and  south,  the  greatest 
storms  occur  during  the  sununer  months.  In  the  north,  they  tend  to 
occur  most  frequently  in  late  summer;  and  in  the  south,  most  fre- 
quently in  the  early  summer.  Throughout  the  entire  year  storms  are 
much  more  numerous  in  the  south  than  they  are  in  the  north. 

FREQUENCY 

The  frequency  of  storms,  like  the  frequency  of  excessive  pre- 
cipitation discussed  in  a  preceding  chapter,  is  defined  as  the  average 
number  of  years  between  occurrences. 

For  the  purpose  of  discussing  the  frequency  of  the  160  storms  of 
the  25-year  period,  1892-1916,  the  division  into  northern  and  southern 
groups  will  be  ignored,  and  the  country  considered  as  a  whole.  All 
storms  will  be  looked  upon  as  either  winter  or  sununer  storms,  the 
winter  months  being  November  to  April,  inclusive,  and  the  sununer 
months  May  to  October,  inclusive.  This  simplifies  the  discussion, 
and  leaves  to  the  reader  the  determination  of  the  exact  storm  season 
and  frequency  to  which  any  particular  locahty  is  subject.  For  this 
purpose  the  maps,  figures  50  to  57,  may  be  used  as  a  guide. 

The  determination  of  the  frequency  of  the  160  storms  could  be  still 
further  refined  by  using  the  total  area  subject  to  these  storms,  and 
the  average  area  enclosed  by  the  6-inch  isohyetal,  to  find  the  fre- 
quency over  any  given  area.  But  the  nature  and  extent  of  the  data 
seem  hardly  to  warrant  such  precision.  If  this  result  is  desired,  how- 
ever, more  confidence  can  be  placed  in  its  determination  from  the 
isopluvial  charts,  figures  13  to  36,  described  in  chapter  V. 

The  investigator  should  be  cautioned  not  to  try  to  restrict  the 
area,  season,  or  frequency  of  occurrence  too  closely.  These  factors 
can  never  be  finally  and  accurately  determined  for  a  natural  phe- 
nomenon. They  may  be  much  more  definitely  fixed  after  abundant 
data  has  been  gathered  for  a  long  period  of  years,  but  until  that  time  a 
comparatively  large  "factor  of  ignorance"  must  be  applied  to  the 
results  obtainable. 

WINTER  STORMS 

It  has  been  previously  pointed  out  that  winter  storms  are  confined 
almost  entirely  to  the  Mississippi  Valley.    The  greatest  number 
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occur  along  the  lower  Mississippi  in  Louisiana,  Arkansas,  Mississippi, 
Alabama,  and  western  Georgia.  The  number,  frequency,  and  size 
of  these  storms  gradually  diminishes  northward.  During  the  25-year 
period  in  question,  46  storms  have  occurred  (ignoring  the  2  small 
winter  storms  in  Florida),  or  approximately  2  storms  each  winter 
season.  Of  this  number,  38  were  in  the  southern  group,  quite  evenly 
distributed  over  western  Gerogia,  Alabama,  Mississippi,  Louisiana, 
Arkansas,  and  eastern  Texas.  This  means,  of  course,  that  a  winter 
storm  of  the  defined  intensity  and  size  occurs  on  an  average  once 
every  3  years  somewhere  in  the  upper  Mississippi  Valley,  and  once 
or  twice  each  year  over  some  part  of  the  southern  states. 

SUMMER  STORMS 

As  has  been  previously  shown,  summer  storms  of  the  size  under 
consideration  occur  almost  exclusively  along  the  Atlantic  and  Gulf 
coast,  and  in  the  interior  region  along  the  Mississippi  River.  A  total 
of  112  summer  storms,  over  the  areas  just  mentioned,  occurred  during 
the  25-year  period.  This  is  an  average  of  4  or  5  sununer  storms  each 
year  somewhere  in  the  United  States  east  of  the  103d  meridian.  Of 
this  number,  12  storms,  or  an  average  of  1  storm  every  2  years,  oc- 
curred on  the  north  Atlantic  coast.  Three  of  these  were  during  the 
first  half  of  the  season,  or  an  average  frequency  of  1  storm  in  about 
8  years;  and  9  of  them  occurred  in  the  latter  half  of  the  season,  giving 
an  average  frequency  of  approximately  1  storm  in  3  years. 

In  the  interior  region  along  the  Mississippi  River  there  were  26 
storms,  or  an  average  frequency  of  one  storm  each  year.  Of  these, 
11  occurred  during  the  first  half  of  the  season  and  15  during  the  last 
half.  A  previous  statement  has  been  made  that  most  of  these  indicate 
thunderstorm  conditions  in  shape  and  area.  The  effect  of  the  intense 
local  storms  is  seen  on  the  isopluvial  charts,  figures  13  to  36,  in  the 
shape  of  the  isopluvial  lines,  and  in  the  great  variation  of  index  figures 
at  the  centers  of  adjoining  quadrangles. 

The  remaining  73  summer  storms  occurred  along  the  southern 
Atlantic  and  Gulf  coasts,  and  in  Arkansas,  eastern  Oklahoma,  and 
Texas.  This  is  an  average  frequency  of  3  storms  each  year.  Diuing 
the  first  half  of  the  summer  season  there  were  32  storms,  and  in  the 
latter  half  41  storms.  The  area  along  the  Gulf  coast  which  is  subject 
to  these  storms  is  also  subject  to  winter  storms.  As  was  previously 
shown,  however,  winter  storms  he  somewhat  farther  inland  than  the 
summer  storms.  The  summer  storms  of  the  south  are  apt  to  be  both 
intense  and  long  continued,  as  for  example,  the  July  1916  storms, 
numbers  156  and  157. 
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From  the  foregoing  discussion  it  is  apparent  that  every  section  of 
the  country  is  subject  at  different  seasons  to  two  distinct  types  of 
storms^  namely,  short  violent  storms,  and  storms  of  long  duration  in 
which  the  rain  falls  continuously  at  a  fairly  uniform  rate.  Between 
these  two  extremes  there  are,  of  course,  all  gradations.  Along  the 
north  Atlantic  coast,  on  the  high  plateau  of  western  Oklahoma, 
Kansas,  Nebraska,  and  Iowa,  and  in  Wisconsin  and  Minnesota  the 
short  violent  storm  in  which  as  much  as  6  inches  falls  in  3  days  at  5 
different  stations  is  the  prevailing  type.  Although  the  long-continued 
t3rpe  of  storm  does  not  appear  on  the  maps  of  these  sections,  from  an 
examination  of  the  rainfall  records  it  is  evidently  present,  but  not 
intense  enough  to  come  within  the  Umits  here  chosen  for  selecting 
storms. 

Storms  of  the  short  violent  type  occur  in  the  west  most  often  in 
midsummer;  along  the  north  Atlantic  coast  they  occur  most  fre- 
quently in  the  late  summer,  during  September  and  October.  Along 
the  Gulf  coast  the  precipitation  and  area  covered  by  such  storms  is 
so  much  greater  than  in  the  west  and  northeast  that  the  type  charac- 
teristics are  somewhat  obscured;  and  are  not  apparent  from  an 
examination  of  the  maps  alone.  However,  an  examination  of  the 
daily  precipitation  records  of  these  regions,  for  a  period  of  a  few  years, 
shows  that  their  principal  time  of  occurrence  is  midwinter. 

The  storm  type  of  long  duration  occurs  most  frequently  in  the 
opposite  season,  respectively,  in  each  of  these  regions.  These  dis- 
tinctive features  are  not  confined  to  storm  rainfall,  but  are  true  for 
practically  the  entire  precipitation. 


CHAPTER  VIII.— DESCRIPTIONS  AND  TIME- 

AREA-DEPTH  RELATIONS  OF  THE  33 

MOST  IMPORTANT  STORMS 

This  chapter  deals  with  the  relations  between  area  covered  and 
average  depth  of  rainfall  in  respective  periods  of  1,  2,  3,  4,  and  5  days, 
for  33  of  the  largest  and  most  important  storms  recorded  in  the 
United  States  east  of  the  103d  meridian.  A  brief  description  is 
included  for  each'  of  the  33  storms,  and  the  method  of  selecting  them 
from  the  160  storms  previously  discussed  is  explained. 

The  chief  usefulness  of  this  study  lies  in  its  application  to  different 
sections  of  the  eastern  United  States,  in  determining  the  most  probable 
distribution  and  intensity  of  great  storms  which  may  occur  in  the 
futiu*e.  Any  such  application  involves  the  assumption  that  the 
records  already  available  are  of  sufficient  extent  and  diu*ation  to 
furnish  a  representative  sample  of  weather  conditions  for  some  time 
to  come.  Whether  the  present  records  are  sufficiently  so  repre- 
sentative may  be  a  debatable  question.  When  the  records  of  another 
25  years  are  available,  a  similar  study  of  them  undoubtedly  will 
furnish  results  of  a  higher  degree  of  assurance.  In  the  meantime  a 
searching  examination  of  the  methods  and  results  here  set  forth  will, 
it  is  felt,  convince  the  most  skeptical  that  a  high  degree  of  confidence 
may  be  reposed  in  the  conclusions  here  reached. 

OUTLINE  OF  PROCEDURE  FOLLOWED 

The  work  on  each  of  the  33  storms  consists  of  a  number  of  distinct 
steps.  First,  the  rainfall  data  pertaining  to  the  storm  is  assembled. 
Second,  there  are  determined  the  1-day  period  of  greatest  average 
rainfall,  the  2-day  period  of  greatest  average  rainfall,  and  so  on,  until 
the  whole  duration  of  the  storm  is  covered. 

Third,  on  a  large  scale  map  of  the  United  States,  showing  all 
rainfall  observing  stations,  there  is  platted  at  each  station  the  figures 
showing  the  amount  of  precipitation  for  the  maximum  1-day  of  the 
storm.  A  similar  map  is  prepared  for  the  maximum  2-day  precipi- 
tation, and  likewise  for  each  successive  period  until  the  whole  duration 
of  the  storm,  or  until  the  maximum  5-day  period,  is  covered.  This 
gives  for  each  storm  of  not  more  than  five  days  duration  a  series  of 
as  many  maps  as  the  number  of  days  included  in  the  storm  period. 
For  storms  of  more  than  five  days  the  mapping  was  confined  to  the 

five  consecutive  days  of  maximum  rainfall. 
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Fourth;  on  each  map,  using  the  platted  figures  like  elevations  on  a 
topographic  map,  lines  of  equal  rainfall, — ^the  so-called  iaohyetals  or 
rainfaU  contours, — are  carefully  drawn.  To  cover  all  the  days  of  the 
storms  used  for  this  study,  114  such  maps  were  required.  These 
maps  have  been  combined,  so  far  as  seems  possible  without  becoming 
confused  with  each  other,  and  are  reproduced  on  36  charts  of  one- 
tenth  the  original  scale,  figures  58  to  93,  accompanied  by  a  discussion 
of  their  individual  characteristics. 

The  fifth  step  in  the  study  is  to  measure  with  a  planimeter  the 
area  contained  within  each  isohyetal  shown  on  the  storm  rainfall 
maps.  All  these  measurements  are  shown  in  the  tables  in  the  appendix. 
Sixth,  the  average  depth  of  rainfall  over  the  area  within  each  isohyetal 
is  calculated.  The  exact  method  of  carrying  out  this  calculation  is 
explained  in  a  later  chapter,  and  all  the  results  of  the  calculations  are 
shown  in  the  appendix. 

Seventh,  on  coordinate  paper  a  curve,  here  designated  a  tifne-area-' 
depth  curve,  is  platted  using  the  results  obtained  from  each  map, 
platting  as  coordinates  the  area  in  square  miles  contained  within 
each  isohyetal  and  the  average  depth  of  precipitation  in  inches  over 
such  area.  Thus,  there  are  as  many  time-area-depth  curves  as  there 
are  storm  precipitation  maps.  These  curves,  arranged  in  two  groups 
according  to  the  geographical  location  of  the  storms,  and  accompanied 
by  discussion  of  certain  storm  features  which  there  become  apparent, 
are  reproduced  in  figures  94  to  103. 

To  assemble  the  data,  draw  and  measure  a  map,  and  derive  the 
corresponding  time-area-depth  curve  required  on  the  average  one 
man's  time  for  about  2}  days.  This  should  be  multiplied  about  114 
times  to  obtain  the  results  shown  in  this  chapter. 

DESCRIPTIONS  OF  INDIVIDUAL  STORMS 

In  the  following  pages  are  given  in  condensed  form,  by  means  of 
charts  and  brief  notes,  the  principal  features  of  the  more  important 
storms.  The  rainfall  for  the  successive  periods  of  maximum  pre- 
cipitation is  shown  for  each  storm  by  means  of  small  isohyetal  maps 
reproduced  from  the  maps  used  in  determining  the  time-area-depth 
relations.  In  order  to  save  space  each  chart  shows  isohyetal  maps  for 
several  storms.  For  instance,  the  first  map,  figure  68,  shows  the 
maximum  1-day  precipitation  for  three  storms,  namely,  that  of 
December  17-20,  1896,  over  portions  of  Oklahoma,  Missouri,  and 
Illinois;  that  of  March  22-23,  1897,  over  portions  of  Alabama  and 
Georgia;  and  that  of  April  15-17,  1900,  over  portions  of  Louisiana, 
Mississippi,  and  Alabama. 
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Because  of  the  small  scale  it  was  impossible  to  reproduce  all  of 
the  isohyetals  and  maintain  clearness.  Only  the  even  numbered  lines 
could  be  shown,  and  at  some  of  the  centers  of  excessive  precipitation 
some  of  these  had  to  be  eliminated.  Thus^  the  rainfall  center  in  Texas, 
figure  64,  had  to  be  limited  above  14  inches  to  the  20-inch,  254nch, 
and  30-inch  isohyetals,  and  a  slight  distortion  of  the  lines  was  then 


FIG.  58.— RAINFALL  MAP  FOR  MAXIMUM  DAY,  STORMS  OF 
DECEMBER  1895,  MARCH  1897,  AND  APRIL  1900. 

required  to  bring  them  out  with  clearness.  Where  it  was  necessary 
to  omit  one  or  more  even  numbered  isohyetals,  the  maximum  rainfall 
at  the  peak  is  shown  just  beneath  the  peak  letter.  It  will  be  seen  from 
the  above  statement  that  low  storm  peaks,  which  are  shown  on  the 
original  large  scale  maps  by  only  one  contour,  and  this  an  odd  num- 
bered one,  will  not  appear  on  the  small  scale  reproductions. 
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Figure  59  shows  the  rainfall  distribution  during  the  maximum  2-day 
period  for  the  storms  shown  in  figure  58,  and  also  for  the  storm  of 
October  3-4,  1869,  in  the  New  England  states.  The  nature  of  the 
data  available  for  the  latter  storm  did  not  permit  of  platting  the 
maximum  1-day  rainfaU. '  It  will  be  noted  from  an  inspection  of  the 


FIG.  69.— RAINFALL  MAP  FOR  MAXIMUM  2  DAYS,  STORMS  OF 
OCTOBER  1869,  DECEMBER  1895,  MARCH  1897,  AND 

APRIL  1900. 

dates  shown  in  figures  58  and  59  that  the  2-day  period  of  maximum 
rainfall  includes,  in  addition  to  the  day  of  maximum  precipitation, 
either  the  day  following  or  preceding  it,  depending  upon  which  gives 
the  greater  sum.  This  is  in  accordance  with  the  rules  for  selecting 
such  periods. 
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Figures  60  and  61  show  successively  the  rainfall  distribution  for 
the  maximum  3-day  and  4-day  periods  for  such  of  the  storms  shown  in 
figures  58  and  59  as  had  that  many  days  of  excessive  precipitation. 
Figures  62  to  93  show  in  a  similar  manner  the  rest  of  the  33  great 
storms.    On  account  of  the  manner  of  reproduction  it  was  not  found 


FIG.  60— RAINFALL  MAP  FOR  MAXIMUM  3  DAYS,  STORMS  OF 

DECEMBER  1896,  AND  APRIL  1900. 

convenient  to  place  the  maps  in  exact  chronological  order,  although 
that  is  the  general  arrangement. 

In  a  few  cases  the  areas  covered  by  adjoining  storms  overlapped 
sUghtly,  without,  however,  causing  confusion,  the  lapping  isohyetals 
being  indicated  by  broken  Unes.  In  nearly  all  cases  it  was  found 
necessary  to  generalize  the  isohyetals  and  to  eUminate  some  of  the 
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lesser  rainfall  centers,  or  peaks,  because  of  the  small  scale  of  publi- 
cation. All  of  the  important  features,  however,  have  been  carefully 
preserved. 

The  areas  inclosed  between  isohyetals,  and  the  average  rainfall 
over  these  areas,  wiU  be  found  Usted  in  the  tables  in  the  appendix. 


FIG.  61.— RAINFALL  MAP  FOR  MAXIMUM  4  DAYS,  STORM  OF 

DECEMBER  1895. 

The  principal  rainfall  centers  can  be  identified  readily  in  the  tables 
and  on  the  charts  by  means  of  the  capital  letters.  Unless  the  reader 
is  careful  to  compare  the  maps  and  time-area-depth  tables  for  the 
same  storm  period,  he  may  be  confused  by  the  fact  that  a  principal 
storm  center  does  not  always  bear  the  same  capital  letter  for  different 
storm  periods.    Thus  a  principal  center  may  be  lettered  A  on  the 
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1-day  mapi  and  B  on  the  2-day  map.  It  would  have  been  awkward 
and  difficult  to  maintain  uniformity  in  this  respect  on  account  of  the 
shifting,  different  rates  of  growth,  and  the  appearance  and  disappear- 
ance of  centers  in  the  development  of  many  storms. 

Brief  notes  concerning  the  principal  storms  charted  are  given, 
describing  points  of  special  interest.  No  uniform  treatment  has  been 
attempted  since  the  data  relating  to  different  storms  varies  materially 
with  the  nature  of  the  storm,  the  character  of  the  country  affected, 
and  the  extent  of  dependable  records  and  reports.  Notes  pertaining 
to  floods  resulting  from  the  storms  have  been  added  wherever  the  in- 
formation seemed  of  sufficient  interest.  It  will  be  noted  that,  of  the 
33  storms  described,  at  least  14  are  known  to  have  caused  maximum 
recorded  floods  on  one  or  more  rivers. 

Storm  a,  October  3-49  1869 

This  storm  is  of  peculiar  interest  in  that  it  is  the  largest  on  record 
in  the  New  England  states  within  the  last  50  years,  and  also  because 
it  extended  the  farthest  north  of  any  of  the  great  storms  considered  in 
this  report.  No  less  than  155  station  records  of  this  storm  are  avail- 
able. Four  of  these  are  from  Canada.  The  map  in  figure  59  shows 
the  rainfall  for  the  entire  storm  period  which  covered  parts  of  two 
calendar  days.  No  data  was  avaUable  for  plotting  a  24-hour  rainfaU 
map. 

The  greatest  measured  rainfall  was  at  Canton,  Conn.,  near  Hart- 
ford, where  the  total  was  12.35  inches.  A  number  of  reports  indicate 
over  8  inches  in  less  than  36  hours.  At  Springfield,  Mass.,  8.05  inches 
fell  in  25  hours  and  15  minutes;  at  Middletown,  Conn.,  one  gage  reader 
reported  8.90  inches  in  a  little  over  37  hours.  At  the  fort  at  Willet's 
Point,  N.  Y.,  7.85  inches  fell  in  25  hours. 

This  storm  resulted  in  severe  floods  throughout  New  England. 
The  Connecticut  River  experienced  the  highest  stage  in  a  century 
caused  by  rainfall  alone,  and  registered  26.3  feet  at  Hartford.  This 
has  been  exceeded  only  by  spring  floods  resulting  from  combinations 
of  melting  snows  and  rains. 

The  reader  should  compare  this  storm  with  that  of  July  12-14, 
1897,  figures  71  to  73,  which  occurred  in  the  same  region  but  did  not 
cover  so  vast  an  area.  The  other  New  England  storms  for  which 
data  are  available  are  of  lesser  magnitudes.  Examples  are  that  of 
August  7-9,  1874,  which  affected  principally  the  Connecticut  coast 
region,  but  was  not  felt  to  any  great  extent  in  the  interior;  and  that 
of  Feb.  10-14,  1886,  over  portions  of  Rhode  Island  and  Connecticut. 

The  foregoing  indicates  that  storms  of  great  intensity  and  covering 
large  areas  are  comparatively  rare  occurrences  in  the  New  England 
states. 
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A  thorough  discussion  of  this  storm^  accompanied  by  records  of  the 
precipitation  at  a  large  number  of  stations  and  a  map  showing  the 
distribution  of  the  rainfall,  was  prepared  by  James  B.  Francis  and 
published  in  the  Transactions  of  the  American  Society  of  Civil  En- 
gineers, Volume  7,  1878,  pp.  224r-235.  Much  of  the  data  here  pre- 
sented for  this  storm  was  taken  from  the  article  by  Mr.  Francis. 


FIG.  62.— RAINFALL  MAP  FOR  MAXIMUM  DAY,  STORMS  OF 
JULY  1887,  MAY  1894,  JUNE  1899,  AND  SEPTEMBER  1905. 

Storm  6,  July  27-31,  1887 

The  West  Indian  hurricane  which  gave  rise  to  this  storm,  pro- 
gressed over  the  Caribbean  Sea  in  a  northwesterly  course,  until  in 
the  Gulf  of  Mexico  it  passed  the  92d  meridian.  Its  center  then  moved 
quite  suddenly  northeai^tward,  reaching  the  Alabama  coast  on  the 
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27th,  after  which  its  progress  became  slow  and  its  course  erratic. 
From  Alabama  it  progressed  eastward  into  Georgia,  thence  westward 
again  across  Alabama  into  Mississippi  where  it  dissipated.  The 
rainfall  which  accompanied  it  was  especially  heavy  in  Georgia  and 


FIG.  63.— RAINFALL  MAP  FOR  MAXIMUM  2  DAYS,  STORMS  OF 
JULY  1887,  MAY  1894,  JUNE  1899,  AND  SEPTEMBER  1905. 

eastern  Alabama,  see  figures  62  to  66.  At  Union  Point,  Ga.,  16.50 
inches  fell  July  28-30,  being  the  maximum  3-day  record  for  quadrangle 
9-H,  see  figure  40.  At  Athens,  Ga.,  12.63  inches  fell  July  28-31,  and 
at  Washington,  Ga.,  12.41  inches  fell  during  the  same  period.  In 
Alabama  11.20  inches  fell  on  the  27th  and  28th  at  Opelika. 

The  rivers  of  Georgia  rose  to  extremely  high  stages  and  inflicted 
great  damage.    The  Savannah  River  registei^d  34.5  feet  at  Augusta 


STORM  RAINFALL  OF  EASTERN  UNITED  STATES 


141 


on  July  31,  and  inundated  the  city.  This  is  within  3.3  feet  of  the 
record  stage  caused  by  the  storm  of  August  24r-26,  1908,  figures  76 
to  78,  described  later. 

Storm  c,  May  31- June  1, 1889 

This  storm  at  first  developed  two  distinct  precipitation  centers, 
figures  71  and  72.    The  principal  one  covered  the  central  portions  of 
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FIG.  64.— RAINFALL  MAP  FOR  MAXIMUM  3  DAYS,  STORMS  OF 
JULY  1887,  MAY  1894,  JUNE  1899,  AND  SEPTEMBER  1905. 

Pennsylvania  and  Maryland,  and  the  smaller  one  was  on  the  border- 
Une  between  Virginia  and  West  Virginia.  The  actual  duration  of 
rainfall  did  not  exceed  36  hours  at  most  points. 

Though  usually  spoken  of  as  the  storm  that  caused  the  Johnstown 
disaster,  it  should  not  be  inferred  that  its  effect  was  felt  to  any  great 
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extent  in  the  basin  of  the  Allegheny  Biver.  With  the  exception  of  the 
Kiskiminetas  River,  on  the  headwaters  of  which  Johnstown  is  located, 
none  of  the  streams  west  of  the  Alleghenies  experienced  unusual 
floods.  At  Fittsbui^h  the  Ohio  River  exceeded  ordinary  flood  stage 
by  only  2  feet.    The  storm  was  more  severe  east  of  the  mountains, 


PIG.  65.— RAINFALL  MAP  FOR  MAXIMUM  4  DAYS,  STORMS  OF 
JULY  1887,  MAY  1894,  JUNE  1899,  AND  SEPTEMBER  1905. 

over  the  drainage  basin  of  the  Susquehanna  and  Potomac  Rivers, 
causing  the  greatest  flood  flow  in  more  than  a  century  on  these  two 
streams,  and  also  on  the  West  Branch  of  the  Susquehanna  River,  and 
on  the  Juniata  River. 

The  reader  should  compare  this  storm  with  the  one  of  May  18-22, 
1894,  figures  62  to  66,  which  approaches  it  in  intensity  though  not 
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covering  the  same  area,  but  which  caused  the  second  greatest  flood 
in  the  main  Susquehanna  River. 

Storm  IO9  May  18-22,  1894 

Heavy  rains  fell  over  eastern  Pennsylvania  and  New  Jersey  on 
May  19  and  20,  followed  by  still  heavier  precipitation  on  the  21st  and 


FIG,  66.— RAINFALL  MAP  FOR  MAXIMUM  5  DAYS,  STORMS  OF 
JULY  1887,  MAY  1894,  JUNE  1899,  AND  SEPTEMBER  1906. 

22d,  see  figures  62  to  66.  On  the  latter  two  days,  centers  of  heavy 
rainfall  formed  in  southwestern  and  in  northern  Pennsylvania.  The 
area  covered  by  Ughter  rains  during  this  storm  was  quite  extensive, 
including  parts  of  Tennessee,  Ohio,  New  York,  and  New  England. 
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At  more  than  11  localities  in  Pennsylvania  and  New  Jersey  over 
5  inches  fell  in  one  day.  During  the  period  May  18-22  there  fell  at 
Quakertown,  Pa.,  9.36  inches;  at  West  Chester,  Pa.,  9.87  inches; 
at  Moorestown,  N.  J.,  9.39  inches.  At  West  Chester  9.03  inches  fell 
on  the  20th  and  21st. 

This  storm  was  responsible  for  high  river  stages.  The  Susquehanna 
River  at  Harrisburg,  Pa.  registered  25.6  feet  on  May  22,  approaching 
the  record  stage  caused  by  the  storm  of  1889. 

Storm  13|  September  24-26, 1894 

This  storm  was  caused  by  a  tropical  hurricane  the  center  of  which 
moved  in  a  northwesterly  direction  over  Haiti  and  Cuba,  then  changed 
to  a  northerly  course  passing  over  the  Florida  peninsula  and  up  the 
Atlantic  coast.  It  was  accompanied  all  along  its  path  by  high  rates 
of  precipitation.  The  storm  area  covers  the  Florida  peninsula  and 
the  coastal  regions  of  Georgia  and  South  Carolina,  figures  67  to  69, 
and  probably  extended  over  the  ocean  for  many  miles.  At  12  stations 
in  Florida  the  rain  exceeded  9  inches  during  the  two  days  of  maximum 
rain.  The  greatest  depth  was  at  Clermont,  Fla.,  where  12.50  inches 
was  recorded  on  the  25th  and  26th,  and  a  total  of  12.76  for  the  storm. 
At  Federal  Point  11.25  inches  fell  on  the  25th  and  26th;  at  Gainesville, 
Fla.,  11.81  inches  fell  on  the  same  dates;  at  Grassmere,  Fla.,  10.89 
inches  fell  on  the  25th  and  26th;  at  Hypoluxo,  Fla.,  10.40  inches  feU 
on  the  24th,  and  11.98  inches  on  the  24th  and  25th.  During  the  period 
Sept.  24-26  there  fell  at  Kisslmmee,  Fla.,  11.95  inches;  at  New 
Smyrna,  Fla.,  11.07  inches;  and  at  Jacksonville,  Fla.,  11.05  inches. 

Storm  15|  December  17-20, 1895 

This  storm  was  remarkable  for  the  evenness  of  its  rainfall  distri- 
bution, see  figures  68  to  61.  The  precipitation  covered  an  enormous 
scope  of  country,  extending  from  northeastern  Texas  to  southern 
Michigan.  The  heaviest  precipitation  occurred  over  Missouri  where 
the  following  records  were  obtained.  At  Phillipsburg  6.95  inches  fell 
between  5  p.  m.  of  the  17th  and,  5  p.  m.  of  the  18th,  the  total  fall 
amounting  to  12.20  inches.  At  Sarcoxie  9.03  inches  fell  on  the  18th 
and  19th.  Over  large  parts  of  Lawrence  and  Callaway  counties  the 
rain  exceeded  9  inches  in  depth. 

From  5  to  6  inches  of  rain  fell  in  less  than  two  days  over  the  entire 
drainage  area  of  the  Illinois  Biver,  causing  a  sudden  rise  but  no 
unusual  flood  stage.  This  is  of  interest  inasmuch  as  some  of  the  great 
floods  in  the  Illinois  River,  notably  those  of  May  1892,  April  1904,  and 
March  1913,  all  of  \^ich  exceeded  by  far  that  of  December  1895, 
were  caused  by  less  rainfall.    The  condition  of  the  soil  was  the  govern- 
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ing  factor.  In  1895  the  rain  was  accompanied  by  a  thaw  which  took 
the  frost  out  of  the  ground  and  permitted  considerable  absorption  to 
take  place.  The  15  months  preceding  this  storm  were  the  driest 
months  of  a  long  period  of  drouth,  which  is  said  to  have  been  the 
severest  in  the  history  of  Illinois.  The  other  storms  referred  to  all 
fell  on  partly  saturated  ground,  and  in  some  instances  found  the  rivers 
already  swollen  as  the  result  of  previous  rains. 

The  storm  of  December,  1895,  was  responsible  for  disastrous  floods 
in  Missouri.  The  Osage  Biver  attained  the  highest  stages  since  the 
memorable  flood  of  .1844.  The  Sack,  Spring,  Gasconnade,  Meramec, 
and  Cuivre  Rivers,  and  many  lesser  streams  in  Missouri  also  experi- 
enced serious  floods  and  inflicted  great  damage. 

Storm  24|  March  22-23, 1897 

Heavy  and  general  rains  prevailed  during  March,  1897,  through- 
out the  south  Atlantic  states,  causing  high  rates  of  runoff  in  all  the 
streams  of  that  section.  In  some  locaUties  rain  began  on  the  2d, 
and  with  slight  intermission  continued  until  the  23d.  The  rainfall 
for  the  two  days,  March  22  and  23,  was  especially  heavy  and  con- 
centrated, see  figures  58  and  59.  At  Newton,  Ala.^  10.29  inches  fell 
on  the  22d,  being  the  greatest  24-hour  rainfall  on  record  in  quadrangle 
IQ-I,  see  figure  38;  at  Fort  Gaines  and  Morgan,  Ga.,  respectively, 
11.26  and  11.50  inches  fell  on  the  22d  and  23d.  The  latter  is  the 
maximum  on  record  for  2-day  rainfall  in  quadrangle  9-1,  figure  39. 

As  a  result  of  these  rains  the  Chattahoochee  River  at  Eufaula, 
Ala.,  on  the  24th  reached  a  stage  of  50  feet,  the  highest  since  March 
28,  1888,  when  56  feet  was  recorded.  The  Alabama  River  reached 
41.5  feet  at  Selma,  Ala.,  on  the  26th. 

Storm  25,  July  12-14,  1897 

This  was  a  New  England  storm  of  comparatively  short  duration, 
most  of  the  rain  falling  in  from  30  to  36  hours.  Its  greatest  intensities 
were  recorded  in  western  Connecticut  and  Massachusetts,  though 
lesser  rains  covered  most  of  the  other  New  England  states,  see  figures 
71  to  73.  The  largest  amount  of  rainfall  was  recorded,  according  to 
Weather  Bureau  data,  at  Southington,  Conn.,  where  10.30  inches 
fell  in  33  hours  on  the  13th  and  14th.  Three  other  stations  in  Con- 
necticut recorded  over  9  inches  in  3  days.  The  Connecticut  River 
at  Hartford  reached  20.8  feet  on  the  16th,  a  high  though  not  extra- 
ordinary stage.  There  is  some  analogy  between  this  storm  and  that 
of  October  3  and  4,  1869,  figure  59. 

10 
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Storm  43|  June  27- July  1, 1899 

This  storm,  according  to  an  account  in  Monthly  Weather  Review 
of  July,  1899,  appears  to  have  resulted  from  a  semi-tropical  hmricane 
which  moved  northward  from  the  central  portion  of  the  Gulf  of 
Mexico.    It  caused  a  high  tide  at  Galveston.    The  storm  passed 


FIG.  67.— RAINFALL  MAP  FOR  MAXIMUM  DAY,  STORMS  OF 
SEPTEMBER  1894,  MARCH  1902,  AUGUST  1903,  AND 

OCTOBER  1903. 


inland  during  the  night  of  June  26,  its  energy  greatly  diminishing  as 
it  progressed.  Practically  all  of  the  rainfall  was  confined  to  the 
state  of  Texas,  see  figures  62  to  66,  very  heavy  rains  occurring  over 
the  drainage  basin  of  the  Brazos  River. 
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During  the  72  hours  ending  8  a.  m.,  June  30,  a  depth  of  rainfall 
was  recorded  at  Brenham  of  19.99  inches,  which  is  the  maximum  3-day 
rainfall  record  for  quadrangle  15-J,  see  figure  40.  During  the  same 
period  the  rainfall  at  Cuero  was  12.86  inches  and  at  Hewitt,  14.95 
inches.  On  the  28th  the  rain  gage  at  Hearne  overflowed  at  24  inches, 
the  observer  estimating  a  fall  of  from  30  to  40  inches  during  a  period 


FIG.  68.— RAINFALL  MAP  FOR  MAXIMUM  2  DAYS,  STORMS  OF 
SEPTEMBER  1894,  MARCH  1902,  AUGUST  ld03,  AND 

OCTOBER  1903. 

of  less  than  24  hours.    At  Hallettsville  12.00  inches  fell  on  June  27-29 
and  at  Sugarland  16.00  inches  fell  on  June  27-30. 

Precipitation  of  33  inches  for  the  maximum  period  of  3  days  was 
unofficially  recorded  at  Turnersville.  Upon  inquiry  as  to  the  reli- 
ability of  this  record,  P.  C.  Day,  Climatologist  and  Chief  of  Division 
of  the  U.  S.  Weather  Bureau,  wrote: 
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With  regard  to  TumerBYille  I  will  state  that  the  Weather  Bureau  had  no  observer 
at  that  place  during  the  period  in  question;  however,  a  station  was  opened  there  a 
few  months  later,  and  the  gentleman  who  became  observer,  Mr.  James  J.  M.  Smith, 
reported  by  special  letter  as  follows:  On  the  morning  of  June  29, 1899,  he  measured 
1 1  inches  of  water  in  his  gage  and  states  that  it  had  run  over  during  the  night,  amount 
of  loss  not  known.  On  the  morning  of  the  30th  he  again  measured  11  inches  in  his 
gage,  and  says  that  it  had  again  run  over,  amount  of  overflow  imknown.    On  the 
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FIG.  69.— RAINFALL  MAP  FOR  MAXIMUM  3  DAYS,  STORMS  OF 
SEPTEMBER  1894,  MARCH  1902,  AND  AUGUST  1903. 


morning  of  July  1  he  again  measured  11  inches,  making  a  total  fall  during  90  hours 
of  33  inches,  measured.  He  advises  also  that  these  amounts  correspond  with  those 
made  in  various  receptacles  by  others  in  his  vicinity,  one  case  being  reported  where  a 
tank  12  inches  deep  and  covered  with  slats  3  inches  wide,  with  openings  of  }  inch 
between  slats,  was  found  full  of  water  which  had  fallen  during  the  24  hours  from 
7  a.  m.  of  the  28th  of  June  to  the  same  hour  on  the  29th. 
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This  storm  caused  the  most  extensive  floods  ever  known  in  the 
Brazos  River,  though  previous  highwater  marks  were  exceeded  only 
in  places.  The  valley  of  the  Brazos  was  flooded  to  a  great  width, 
varying  from  2  miles  in  McLinnan  County  to  25  miles  near  the  mouth. 
The  crest  of  the  flood  was  17  days  in  passing  from  Waco  to  the  mouth, 


Isform  of  Aug,  25  ZS,  I9\ 
I  Max.  4-Oayj  Aug.ZS^a 


Storm  ok  Mar.  26-29, 1902, 
Max.4'bayj  Mar.26  29 


FIG.  70.— RAINFALL  MAP  FOR  MAXIMUM  4  DAYS,  STORMS  OF 

MARCH  1902  AND  AUGUST  1903. 

a  distance  of  about  285  miles.    The  damage  was  estimated  at  over 
$8,000,000,  and  24  lives  were  lost. 

Storm  49,  April  15-17, 1900 

The  area  of  low  barometric  pressure  which  accompanied  this 
storm  was  central  over  northern  Oklahoma,  and  moved  slowly  to  the 
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Lake  region,  causing  extraordinary  rains  in  Louisiana,  southern 
Mississippi,  and  western  Alabama,  see  figures  58  to  60.  In  Mississippi 
the  rainfall  was  in  places  greater  than  ever  before  recorded. 

Severe  and  disastrous  floods  occurred  on  the  rivers  of  western 
Alabama  and  southern  Mississippi.  The  Alabama,  Tombigbee,  and 
Black  Warrior  Rivers  reached  extremely  high  stages.  On  April  18 
the  Black  Warrior  rose  to  71.1  feet  at  Tuscaloosa,  Ala.,  the  highest 
recorded  stage  at  this  place.  The  Pearl  and  Black  Rivers  were  very 
high  and  caused  extensive  damage  and  the  loss  of  several  lives. 

Some  of  the  24-hour  amounts  recorded  in  Mississippi  are:  Bay 
St.  Louis,  8.77  inches  on  the  17th;  Fayette,  9.25  inches  on  the  16th 
and  12.50  on  the  15th  and  16th;  Natchez,  6.75  inches  on  the  17th  and 
12.75  on  the  16th  and  17th;  Port  Gibson,  7.64  inches  on  the  17th; 
Meridian,  6.85  inches.  At  the  latter  place  10.57  inches  of  rain  fell 
from  12:$0  p.  m.,  April  15,  to  8:10  a.  m.,  April  17,  a  period  of  43  hours 
and  20  minutes.  At  Windham  10.80  inches  fell  on  the  16th;  at 
Demopolis,  Ala.,  9.00  inches  fell  on  the  17th;  and  at  Eutaw,  Ala., 
12.65  fell  on  the  16th,  with  a  total  of  13.90  on  April  15-17.  The 
rainfall  at  the  latter  station  furnished  the  records  for  1-day,  2-day, 
and  3-day  precipitation  in  quadrangle  ll-I,  see  figures  38  to  40. 
Other  high  records  in  Ala.  were  8.25  inches  on  the  16th  at  Greensboro; 
11.80  inches  on  the  17th  at  Livingston;  and  8.75  inches  on  the  16th 
at  Pushmataha. 

Storm  51,  July  14-16,  1900 

The  principal  center  of  excessive  precipitation  in  this  storm  was 
in  the  northwest  comer  of  Iowa,  near  Primghar,  where  a  total  of 
13.70  inches  fell,  of  which  13.00  inches  fell  on  the  14th  and  15th. 
This  is  the  record  for  2-day  precipitation  in  quadrangle  15-C,  see 
figure  39. 

Another  less  important  rainfall  center  formed  in  southeastern 
South  Dakota,  where  at  Yankton,  8.07  inches  fell  on  the  14th  and 
15th,  with  a  total  of  9.62  inches  for  the  entire  storm  period,  see  figures 
71  to  73.  Fairly  heavy  rains  fell  on  the  16th  in  southeastern  Minne- 
sota and  portions  of  Wisconsin.  On  the  whole,  the  storm  is  con- 
spicuous among  those  here  listed  because  of  the  comparatively  small 
area  covered  by  heavy  rainfall. 

Storm  63,  March  26-29, 1902 

As  will  be  seen  by  reference  to  figures  67  to  70,  this  storm  had 
three  distinct  areas  of  heavy  precipitation,  situated  approximately 
in  as  many  states.  The  largest  of  these  was  over  Mississippi,  the 
next  largest  over  Tennessee  and  northern  Mississippi,  and  the  smallest 
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was  over  the  center  of  Alabama.  Compared  with  other  storms 
described  in  these  pages,  the  amounts  of  rain  which  fell  during  this 
storm  are  large  but  not  extraordinary.  Rates  of  runoff,  however, 
were  high  throughout  the  area  affected  because  of  the  previously  wet 
condition  of  the  soil.  The  Duck  Biver,  a  tributary  of  the  Tennessee 
River,  experienced  the  highest  stages  in  half  a  century,  reaching  45.6 
feet  on  the  gage  at  Columbia,  Tenn.,  on  March  30.  The  Cumberland 
River  rose  to  65.0  feet  at  Burnside,  Ky.,  the  highest  stage  on  record. 
The  Tennessee  River  and  the  rivers  of  Alabama  attained  high  stages. 
In  Mississippi  the  Pearl  River  exceeded  all  previous  records  on  March 
31  with  a  stage  of  36.0  feet  at  Jackson,  and  29.0  feet  at  Edinburg. 
At  Burnside,  Miss,  where  the  highest  record  is  62  feet,  March  31, 
1886,  and  the  danger  stage  50  feet,  the  stage  on  March  30,  1902,  was 
58.9  feet. 

Storm  of  May  16-31,  1903 

This  storm  is  mentioned  here  as  an  example  of  protracted  rains, 
over  vast  areas,  which  are  capable  of  bringing  about  extraordinary 
floods,  without,  however,  possessing  those  characteristics  which  bring 
them  within  the  definition  of  great  storms  as  adopted  in  this  report. 
This  storm  covered  Kansas,  Oklahoma,  Arkansas,  and  portions  of 
Nebraska,  Iowa,  and  Missouri.  Rain  fell  for  a  period  6f  17  days 
with  occasional  interruptions.  The  precipitation  from  May  16  to  21 
was  comparatively  hght,  the  heavier  rains  occurring  between  the  22d 
and  3l8t  of  May.  The  heaviest  rainfall  was  reported  at  Concordia, 
Kansas,  where  3.68  inches  fell  on  the  29th,  and  10.59  inches,  during 
the  period  May  16-31.  At  several  other  points  amounts  in  excess 
of  8  inches  for  the  entire  period  were  recorded.  Over  the  balance  of 
the  200,000  square  miles  affected,  the  rain  averaged  between  3  and  6 
inches  in  15  days. 

The  first  half  of  May  had  ako  been  very  wet,  and  had  caused  the 
streams  to  rise  above  normal  stages.  This  circimistance  had  an 
important  bearing  on  the  extraordinary  flood  conditions  which  fol- 
lowed the  rains  during  the  second  half  of  May.  About  the  28th 
all  streams  in  Missouri,  Iowa,  Nebraska,  Kansas,  and  Oklahoma  were 
out  of  their  banks.  The  Kansas  River  reached  the  highest  stages  in 
its  history  on  May  31,  with  a  gage  reading  of  29.50  feet  at  Lecompton, 
and  32.7  feet  at  Topeka,  Kans.  On  June  1  the  Missouri  River  at 
Kansas  City,  Mo.,  rose  to  35.0  feet,  the  highest  stage  in  its  45-year 
gage  record  and  only  3  feet  lower  than  the  historic  flood  of  June  20, 
1844.  The  Mississippi  River  at  St.  Louis  on  June  10,  1903,  crested 
at  38.0  feet,  the  third  highest  record  in  more  than  130  years.  Other 
rivers  which  reached  record  stages  were  the  Des  Moines  River  in 
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Iowa;  and  the  Republican  and  Smoky  Hill  Rivers  in  Kansas,  both 
tributaries  of  the  Kansas  River. 


FIG.  71.— RAINFALL  MAP  FOR  MAXIMUM  DAY,  STORMS  OF 
MAY  1889,  JULY  1897,  JULY  1900,  AND  NOVEMBER  1906. 

The  existing  records  relating  to  the  memorable  flood  of  1844  in 
the  Mississippi  Valley  indicate  that  very  probably  it  was  caused  by 
widespread  rainfall  similar  in  character  to  the  precipitation  of  the 
latter  half  of  May,  1903. 

Storm  72,  August  25-28|  1903 

This  storm  was  central  in  southern  Iowa,  and  extended  partly 
into  eastern  Nebraska  and  northern  Missouri.  The  areas  of  heavy 
precipitation  were  confined  to  a  comparatively  narrow  belt,  as  will 
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be  seen  by  reference  to  figures  67  to  70.  The  storm  was  remarkable 
for  the  intensity  of  precipitation  reported  at  a  number  of  stations  in 
Iowa.  At  Afton  9.30  inches  fell  on  the  27th  and  10.37  inches  on  Aug. 
25-28;  at  Woodbum  15.53  inches  fell  on  August  26-28,  this  being  the 
maximum  3-day  rainfall  record  for  quadrangle  14-D,  see  figure  40.    At 


FIG.  72.— RAINFALL  MAP  FOR  MAXIMUM  2  DAYS,  STORMS  OF 
MAY  1889,  JULY  1897,  JULY  1900,  AND  NOVEMBER  1906. 

Coming  11.87  inches  fell  during  the  same  period,  which  likewise  is  the 
maximum  3-day  record  for  quadrangle  14-E.  On  the  27th  10.88 
inches  fell  at  Hopeville,  11.22  inches  at  Chariton,  and  9.25  inches  at 
AUerton.  At  Council  Bluffs  8.30  inches  fell  on  the  26th  and  10.18 
inches  on  the  26th  and  27th;  these  are  respectively  the  maximum 
1-day  and  2-day  records  for  quadrangle  15-D.    The  larger  streams 
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experienced  no  unusual  flood  stages,  owing  to  the  peculiar  geographic 
distribution  of  the  rainfall. 


Storm  76,  October  8-9|  1903 

This  storm,  shown  in  figures  67  to  68,  covered  but  a  small  area  in 
the  northeastern  United  States,  part  of  it  having  extended  over  the 
Atlantic  Ocean.  It  was  responsible  for  the  greatest  flood  in  300  years 
on  the  Delaware  River,  caused  by  rainfall  alone,  being  approached 


FIG.  73.— RAINFALL  MAP  FOR  MAXIMUM  3  DAYS,  STORMS  OF 
JULY  1897,  JULY  1900,  AND  NOVEMBER  1906. 

only  by  those  of  October  6, 1786,  and  January  8, 1841.  It  also  caused 
the  greatest  floods  on  record  on  the  Passaic  River  in  New  Jersey, 
and  on  the  Lackawanna  River  in  Pennsylvania.  Along  these  rivers 
the  damage  was  particularly  severe. 
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Storm  83|  June  9-10|  1905 

Compared  with  the  large  areas  in  Iowa,  Illinois,  and  Indiana,  which 
received  only  from  1  to  2  inches  of  precipitation,  the  areas  covered 
by  intense  rains  during  this  storm  were  small.  Most  of  the  rain  fell 
between  8.30  p.  m.  of  June  9,  and  8:30  p.  m.  of  June  10.    The  center 


r 


FIG.  74.— RAINFALL  MAP  FOR  MAXIMUM  4  DAYS,  STORM  OF 

NOVEMBER  1906. 


of  the  area  of  greatest  rainfall  was  at  Bonaparte,  Iowa,  where  12.10 
inches  fell  in  about  12  hours.  This  is  the  record  for  24-hour  rainfall 
in  quadrangle  13-E,  see  figure  38.  Although  the  period  of  storm 
rainfall  comprised  parts  of  two  calendar  days,  its  short  duration  did 
not  render  it  advisable  to  draw  a  separate  map  for  each  day.  Figure 
76  shows  the  distribution  of  rainfall  for  the  entire  storm  period. 


156 


MIAMI  CONSERVANCY  DISTRICT 


This  storm  caused  the  notable  flood  of  June  10  in  Devils  Creek, 
a  small  Iowa  stream  draining  into  the  Mississippi  River  below  Fort 
Madison.  Its  maximum  rate  of  flood  discharge  appears  to  have 
exceeded  500  second  feet  per  square  mile  from  an  area  of  145  square 
miles.    The  Des  Moines  River  at  Keosauqua,  Iowa,  rose  nearly  19 


FIG.  76.— RAINFALL  MAP  FOR  MAXIMUM  5  DAYS,  STORM  OF 

NOVEMBER  1906. 

feet.  The  Mississippi  River  experienced  a  sudden  local  rise,  registering 
18.4  feet  at  Keokuk  on  the  lOth,  which  is  about  2.5  feet  less  than  the 
record  flood  stage  of  June  6,  1851,  at  that  place. 

Storm  869  September  IS-IQ,  1905 

Heavy  rains  fell  in  Missouri  and  southern  Illinois  from  September 
15  to  17,  and  were  followed  by  lighter  rains  on  the  18th  and  19th, 
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figures  62  to  66.  At  BooAville,  Mo.,  12.98  inches  fell  in  the  period 
September  15  to  19,  of  which  6.70  inches  fell  on  the  17th.  The  12.98- 
inch  record  is  the  maximum  5-day  rainfall  for  quadrangle  IS-F,  see 
figure  42.  At  Chester,  111.,  8.06  inches  fell  in  20.5  hours  on  the  16th 
and  17th. 

This  storm  was  notable  for  the  unusually  quick  rises  in  the  streams 
which  were  affected  by  it.  A  number  of  rivers  in  Missouri  experienced 
destructive  floods,  among  them  the  Meramec  and  the  Gasconnade. 
The  Missouri  River  itself  rose  above  danger  line  from  Boonville  to 
Hermann,  Mo.,  and  was  instrumental  in  swelling  the  Mississippi 
River  over  10  feet  in  24  hours,  causing  it  to  reach  a  stage  of  30.2  feet 
at  St.  Louis  on  September  21.  Although  considerable  damage  was 
done  by  inundation  along  these  rivers,  no  unprecedented  stages  were 
reported,  and  the  flood  crest  in  the  Mississippi  flattened  out  below 
Cairo  to  small  proportions. 

Storm  93|  November  17-21|  1906 

This  storm  caused  excessive  rainfalls  over  western  Tennessee, 
northern  Mississippi,  and  eastern  Arkansas,  from  the  16th  to  the  21st, 
figures  71  to  75.  At  many  points  the  rainfall  recorded  was  considered 
the  heaviest  known.  The  Tennessee,  the  Little  Tennessee,  the 
Hiwassee,  and  the  Clinch  River,  all  rose  to  high  stages  and  inflicted 
much  damage.    About  twenty  Uves  were  lost. 

Storm  102,  July  28-August  1, 1908 

This  storm  was  of  tropic  origin  but  was  devoid  of  severity  except 
at  a  few  places.  As  will  be  noted  from  figures  76  to  80,  the  area  af- 
fected did  not  extend  far  inland,  the  principal  rains  occurring  in 
Louisiana.  This  is  the  more  remarkable  since  the  storm  lasted  5  days. 
At  Franklin,  La.,  17.62  inches  fell  in  the  3  days  July  29  to  31,  of  which 
9.60  inches  fell  on  July  30. 

Storm  103,  August  24-26, 1908 

Widespread  rains  occurred  over  the  south  Atlantic  states  on  Aug. 
24,  25,  and  26,  1908.  These  were  accompanied  by  heavy  downpours 
over  portions  of  Georgia,  and  North  and  South  Carolina,  see  figures 
76  to  78.  In  3  days  14.75  inches  fell  at  Carlton,  Ga.,  and  14.14  inches 
at  Greenville,  S.  C.  At  Anderson,  S.  C,  14.31  inches  fell  in  3  days, 
of  which  11.65  inches  fell  on  the  25th.  At  Monroe,  N.  C,  15.58 
inches  fell  in  3  days.  In  the  main,  however,  the  rain  was  distributed 
quite  evenly.    The  damage  done  to  standing  crops  and  to  property 
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along  streams  was  incalculable.  Heavy  rains  on  the  19th  and  21st 
of  August  had  partly  saturated  the  soil  in  many  places,  and  the  runoff 
following  this  storm  was,  therefore,  very  great.  On  many  of  the 
south  Atlantic  coast  streams  occurred  the  highest  stages  at  that  time 
on  record.    Some  of  these  stages  have  since  been  exceeded  following 
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FIG.  76.— RAINFALL  MAP  FOR  MAXIMUM  DAY,  STORMS  OF 
JUNE  1905,  JULY  1908,  AUGUST  1908,  OCTOBER  1908,  JUNE 

1909,  AND  OCTOBER  1910. 


the  storms  of  July  1916  in  the  Appalachian  region,  described  subse- 
quently. The  Savannah  and  Santee  Rivers  experienced  the  most 
destructive  floods  in  their  histories,  the  Savannah  at  Augusta,  Ga., 
exceeding  the  great  flood  of  Sept.  11,  1888,  by  0.1  foot.  The  crest 
stage  of  38.8  feet  on  August  27  is  the  highest  on  record  in  a  century. 
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At  Calhoun  Falls,  S.  C,  the  crest  stage  waa  28.2  feet,  also  the  highest 
on  record. 

The  Congaree  River  at  Columbia,  S.  C,  attained  its  Fiecord  stage 
on  Aug.  27  with  35.8  feet;  the  Great  Pee  Dee  River  at  Cheraw,  S.  C, 
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FIG.  77.— RAINFALL  MAP  FOR  MAXIMUM  2  DAYS,  STORMS  OF 
JULY  ld08,  AUGUST  1908,  OCTOBER  1908,  JUNE  1909,  AND 

OCTOBER  1910. 


with  44.3  feet  on  Aug.  27;  the  Saluda  River  at  Pelzer,  S.  C,  with 
25.6  feet  on  Aug.  25,  and  at  Chappels,  S.  C,  with  34.7  feet  on  Aug.  26. 
In  North  Carolina  the  Cape  Fear  River  reached  a  stage  of  68.7  feet 
at  Fayetteville  on  Aug.  29,  the  highest  ever  recorded. 
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Storm  105,  October  20-24, 1908 

This  storm  extended  in  a  northerly  direction  from  southern  Okla- 
homa to  Minnesota  over  a  distance  of  about  700  miles,  see  figures 
76  to  80.  The  south  to  north  trend  of  its  axis  differs  rather  strikingly 
from  the  usual  southwest  to  northeast  direction  taken  by  storms  in 
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FIG.  78.— RAINFALL  MAP  FOR  MAXIMUM  3  DAYS,  STORMS  OF 
JULY  1908,  AUGUST  1908,  OCTOBER  1908,  JUNE  1909,  AND 

OCTOBER  1910. 


that  section  of  the  United  States.  This  was  not  due  to  any  progressive 
movement  of  the  storm  center,  however,  the  rains  occurring  almost 
simultaneously  over  the  entire  storm  area.  The  greatest  rainfall 
intensities  were  observed  in  Oklahoma.  At  Meeker,  Okla.,  16.23 
inches  fell  in  5  days,  of  which  10.00  inches  fell  on  the  20th.    This 
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establishes  the  record  for  heavy  precipitation  in  quadrangle  15-G, 
see  figure  38.  In  the  adjacent  quadrangle  16-G  this  storm  also 
established  the  maximum  record,  with  8.95  inches  on  the  23d,  and  a 
total  of  14.88  inches  in  6  days  at  Norman,  Okla.  Four  other  points 
in  Oklahoma  reported  over  11  inches  in  5  days.  Serious  floods  re- 
sulted in  Oklahoma,  and  great  damage  was  done  to  railroads,  bridges, 
and  crops. 


FIG.  79.— RAINFALL  MAP  FOR  MAXIMUM  4  DAYS,   STORMS  OF 
JULY  1908,  OCTOBER  1908,  AND  JUNE  1909. 


Storm  108,  June  29- July  3, 1909 

This  storm  was  not  caused  by  any  tropical  disturbance,  but  appears 
to  have  been  the  result  of  a  cyclonic  movement  over  the  northern 
part  of  Florida.    Extraordinary  rains  fell  over  the  central  and  northern  * 
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counties  of  that  state,  see  figures  76  to  80.  The  greatest  recorded 
24-hour  rainfall  was  12.00  inches  on  July  2  at  Rockwell.  The  total 
rainfall  recorded  at  this  station  in  4  days  was  16.77  inches.  At 
Tarpon  Springs,  on  the  west  coast,  11.09  inches  fell  on  the  30th  and 
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FIG.  80.— RAINFALL  MAP  FOR  MAXIMUM  5  DAYS,  STORMS  OF 
JULY  1908,  OCTOBER  1908,  AND  JUNE  1909. 

17.86  inches  in  5  days;  and  at  Avon  Park,  in  the  interior,  16.06  inches 
were  recorded  in  5  days.  No  large  streams  were  affected  by  this 
storm. 

Storm  109,  July  5-7,  1909 

Heavy  rains  occurred  on  the  above  dates  in  eastern  Kansas,  north- 
ern Missouri,  southern  Iowa,  and  central  Illinois,  but  the  areas  affected 
by  great  intensities  of  precipitation  were  not  extensive,  figures  81  to  83. 
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A  small  center  of  very  high  rainfall  formed  in  central  Missouri,  near 
Bagnell,  where  11.75  inches  fell  in  4  days,  of  which  7.91  inches  fell 
on  the  6th,  this  being  the  record  for  24-hour  rainfall  in  quadrangle 
13-F,  see  figure  38.  In  northern  Missouri  a  similar  downpour, 
amounting  to  11.23  inches  in  3  days,  was  reported  at  Bethany. 

The  storm  was  of  short  duration  but  caused,  nevertheless,  rapid 
rises  in  the  rivers,  having  been  preceded  by  wet  weather  which  began 
on  June  29.  The  Grand  River  in  northwestern  Missouri  attained 
unusually  high  stages,  flooding  much  land.  Its  discharge  affected  the 
Missouri,  which  at  the  time  was  bank  full,  due  to  a  combination  of 
melting  snows  and  rain,  and  caused  it  to  inundate  vast  areas.  Other 
rivers  seriously  affected  were  the  Neosho  and  the  Marais  des  Cygnes. 
This  storm  contributed  materially  to  the  Missouri  River  floods  which 
inundated  the  low  lying  districts  of  Kansas  City  and  St.  Louis. 

Storm  110,  July  20-22,  1909 

This  storm  covered  the  region  west  of  Lake  Superior  as  shown 
in  figures  81  to  83,  on  the  19th  to  22d,  and  produced  unusually  high 
rainfall  intensities  for  this  section  of  the  United  States.  At  Ironwood, 
Michigan,  on  the  21st,  6.72  inches  fell,  which  at  that  time  was  the 
greatest  24-hour  rainfall  record  in  Michigan.  Destructive  floods 
resulted  on  a  number  of  streams. 

Storm  114,  October  4-6, 1910 

In  intensity  as  well  as  in  distribution  this  storm  ranks  as  one  of 
the  severest  on  record  in  the  eastern  United  States.  It  covered  the 
lower  Ohio  River  and  a  portion  of  the  Mississippi  River  valley, 
extending  from  western  Arkansas  to  northeastern  Ohio.  The  distri- 
bution of  rain  for  the  3  days  of  maximum  precipitation  is  shown  in 
figures  76  to  78.  It  conunenced  during  the  night  of  October  3  and 
continued  until  the  night  of  the  6th;  on  the  last  two  days  of  this 
period  it  extended  northeastward  into  the  Great  Lakes  region.  The 
greatest  intensities  occurred  east  of  Cairo  and  in  northern  Arkansas. 
Cairo  reported  10.95  inches  of  rain  between  5  p.  m.  of  the  3d  and  noon 
of  the  6th,  the  greatest  4-day  rain  recorded  in  quadrangle  12-F,  see 
figure  41.  Marked  Tree,  Ark.,  reported  13.99  inches  for  the  three 
da3rs  Oct.  4  to  6,  which  is  the  maximum  3-day  rainfall  in  quadrangle 
12-G,  see  figure  40.  At  Golconda,  HI.,  nearly  8  inches  fell  in  24  hours 
and  15.24  inches  fell  in  60  hours,  which  is  the  3-day  maximum  on  record 
in  quadrangle  11-F,  see  figure  40.  At  Bland ville,  Ky.,  10.1  inches 
fell  in  60  hours.  Louisville,  Ky.,  reported  5.06  inches  in  24  hours. 
At  Cobden,  111.,  9.70  inches  fell  on  the  4th  and  5th,  which  is  the  record 
for  2-day  rainfall  for  quadrangle  12-F,  see  figure  39. 
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Although  many  of  the  Ohio  River  tributaries  experienced  very 
high  stages,  and  some  of  the  smaller  attained  record  stages,  the  Ohio 
itself  did  not  attain  flood  stage.  The  dry,  absorptive  condition  of 
the  soil,  and  the  low  river  stages  which  prevailed  before  the  storm, 
reduced  to  a  marked  degree  the  rates  of  runoff.  The  location  of  the 
centers  of  great  precipitation  along  the  main  stream  also  had  much 
to  do  with  the  small  flood  crest  in  the  Ohio. 

Over  the  Miami  River  basin  the  rainfall  during  the  2  days  of  great- 
est precipitation  averaged  about  6  inches,  as  will  be  seen  by  reference 
to  figure  77.  The  resulting  maximum  stage  at  Dayton  was  16.1 
feet  on  October  7.  The  Miami  River  went  out  of  its  banks  at  many 
points  in  the  valley.  High  stages  were  experienced  on  the  Scioto 
and  Sandusky  Rivers.  The  rivers  most  affected,  however,  were  the 
Wabash,  the  Patoka,  and  White  Rivers,  in  Indiana,  the  levees  along 
which  were  washed  away  in  a  number  of  places,  resulting  in  the 
flooding  of  large  areas  of  farm  land.  The  damage  to  standing  crops 
caused  by  these  floods  and  by  the  storm  generally  was  serious  and 
widespread. 

A  comparison  of  this  storm  and  that  of  January  10-12,  1913, 
figures  81  to  83,  which  covered  nearly  the  same  area  but  occurred  at  a 
different  time  of  the  year,  will  be  found  to  offer  many  points  of  interest 

Storm  125,  July  20-24,  1912 

This  storm  covered  large  portions  of  Wisconsin  and  Michigan,  as 
shown  in  figure  93,  and  produced  in  many  localities  rainfall  intensities 
that  are  extraordinary  for  these  northern  latitudes.  At  Merrill,  Wis., 
11.25  inches  was  recorded  in  a  Uttle  less  than  24  hours  on  July  23 
and  24.  This  is  the  record  for  24-hour  rainfall  in  quadrangle  12-B, 
see  figure  38. 

The  floods  resulting  from  this  storm  were  very  destructive  to  dams. 
The  Prairie  River,  which  joins  the  Wisconsin  River  at  Merrill,  rose 
to  a  high  stage  and  washed  out  portions  of  the  dam  of  the  Grandfather 
Paper  Mills  Co.  The  volume  of  water  so  liberated  caused  the  partial 
destruction  of  dams  at  Merrill,  Brokaw,  and  Wausau,  on  the  Wis- 
consin River,  the  accumulated  waters  creating  a  flood  stage  of  un- 
precedented magnitude.  At  Wausau,  Wis.,  the  river  reached  a  stage 
of  15.3  feet  on  July  23,  breaking  all  records. 

Storm  130,  January  10-12, 1913 

The  month  of  January,  1913,  was  one  of  the  wettest  Januaries  on 
record  in  the  Mississippi  valley.  The  storm  of  January  10-12,  figures 
81  to  83,  was  preceded  by  one  on  January  5-8,  almost  as  severe.,  and 
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covering  much  the  same  area.  The  center  of  the  earlier  storm  lay 
somewhat  farther  east,  but  the  areas  of  5  inches  of  rainfall,  and  less, 
largely  overlapped.  At  Edmonton,  Ky.,  7.52  inches  fell  on  the  6th 
and  7th.  Some  of  the  high  precipitations  recorded  in  Tennessee  on 
January  6-8  were,  10.29  inches  at  Dickson;  6.11  inches  at  Nashville, 


FIG.  81.— RAINFALL  MAP  FOR  MAXIMUM  DAY,  STORMS  OF 
JULY  5-7,  1909,  JULY  20-22,  1909,  JANUARY  1913,  OCTOBER 

1913,  AND  OCTOBER  1914. 

6.06  inches  of  which  fell  on  the  6th  and  7th;  7.98  inches  at  Perryville; 
8.00  inches  at  Pine  wood;  and  9.48  inches  on  the  6th  and  7th  at 
Worsham. 

It  will  be  seen  from  this  that  the  saturation  of  the  ground  and 
the  bank  full  condition  of  the  streams,  caused  by  the  rains  of  January 
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5-8,  were  largely  responsible  for  the  destructive  floods  in  many 
streams  which  followed  the  rains  of  January  10-12.  High  stages 
were  recorded  on  the  Cumberland  and  Kentucky  Rivers.  The  Miami, 
Scioto,  and  Muskingmn  Rivers  were  also  affected.  The  greater 
damage,  however,  was  done  in  the  valley  of  Green  River,  Kentucky, 


FIG.  82.— RAINFALL  MAP  FOR  MAXIMUM  2  DAYS,  STORMS  OF 
JULY  5-7,  1909,  JULY  20-22,  1909,  JANUARY  1913,  OCTOBER 

1913,  AND  OCTOBER  1914. 

where  large  areas  were  inundated.  The  crest  of  the  flood  on  Green 
River  reached  35.5  feet  at  Lock  No.  2  on  January  18,  being  the  highest 
stage  on  record. 

This  storm  bears  some  analogy  to  that  of  October  4  to  6,  1910, 
shown  in  figures  76  to  78,  the  shapes  and  extents  of  the  respective 
storm  areas  being  similar.    They  occurred,  however,  at  different  times 
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of  the  year;  and  the  soil  conditions^  in  each  case,  influenced  to  a  large 
extent  the  rate  of  runoff,  causing  it  to  be  higher  in  the  January  flood. 

Storm  132,  March  23-27, 1913 

The  unusual  severity  of  this  storm  as  to  duration,  rainfall  intensity, 
and  extent  of  territory  covered,  entitle  it  to  be  classed  as  one  of  the 


FIG.  83.— RAINFALL  MAP  FOR  MAXIMUM   3   DAYS,  STORMS  OF 
JULY  5-7,  1909,  JULY  20-22,  1909,  AND  JANUARY  1913. 

greatest  storms  on  record  in  the  eastern  United  States.    In  point  of 
flood  damage  it  is  without  a  parallel. 

Figures  84  to  88  show  the  area  affected  by  heavy  rains.    Outside 
of  the  2-inch  isohyetal  a  vast  area  was  affected  by  Ught  rains.    A 
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prominent  feature  of  these  charts  is  the  even  distribution  of  the 
precipitation  and  absence  of  centers  of  great  rainfall  intensity.  No 
exceptional  24-hour  rates  were  recorded.  On  the  other  hand  this 
storm  established  the  record  for  continued  rainfall  at  a  number  of 
localities.  Thus,  at  Richmond,  Ind.,  9.47  inches  fell  on  March  24 
and  25,  and  11.74  inches  in  6  days.  The  rainfall  at  Richmond  during 
this  storm  established  the  record  for  2-day,  3-day,  4-day,  and  6-day 
rainfall  in  quadrangle  9-E.  At  Bellefontarne  and  Kenton,  Ohio,  over 
11  inches  fell  in  5  days.  Precipitation  amounting  to  4  inches  or  more 
in  24  hours  was  reported  at  a  number  of  localities  in  Indiana  and 
Ohio. 

The  unusual  duration  of  heavy  precipitation  was  brought  about 
by  the  merging  of  storms  accompanying  two  distinct  low  pressure 
areas,  which  occurred  almost  simultaneously  in  a  low  pressure  trough 
extending  from  southwest  to  northeast.  One  of  these  areas  progressed 
from  Iowa  in  a  northeasterly  course  across  the  upper  lake  region,  and 
the  other  followed  it  two  days  later,  moving  along  a  parallel  route  from 
central  Arkansas  toward  Lake  Erie.  The  bulk  of  the  precipitation  in 
the  lower  Ohio  basin  fell  during  the  72-hour  period,  March  24  to  26. 

In  the  Wabash  basin  and  in  the  lake  region  the  three  days  of 
maximum  rainfall  were  March  23,  24,  and  25. 

Preceding  the  storm  there  had  been  frequent  rains,  which,  though 
moderate,  had  brought  about  a  fair  state  of  saturation  of  the  soil. 
The  latter  was  not  frozen  at  the  commencement  of  the  storm.  The 
rates  of  runoff  which  resulted  were  very  high,  and  in  the  case  of  some 
of  the  basins,  were  extraordinary.  The  number  of  streams  which 
exceeded  all  previous  highwater  stages  are  so  nimierous  that  it  is 
practicable  to  enumerate  here  only  the  more  important  ones,  such  as 
the  Beaver,  Mahoning,  Muskingum,  Scioto,  Olentangy,  Little  Miami, 
Miami,  White  River  of  Indiana,  Wabash,  Maumee,  and  Sandusky. 
The  immediate  effect  of  the  floods  in  the  northern  tributaries  of  the 
Ohio  River  was  to  create  the  highest  stages  on  record  in  the  Ohio 
River  between  New  Martinsville,  W.  Va.,  and  Cincinnati,  and  also  at 
Madison,  Ind.  At  other  points  the  Ohio  did  not  reach  the  1884  stage. 
The  rivers  flowing  into  the  Ohio  from  the  south  were  not  seriously 
affected.  In  this  connection  a  comparison  of  this  storm  with  that  of 
January,  1913,  see  figures  81  to  83,  is  of  interest.  The  latter  caused 
the  greater  precipitation  over  the  southern  tributary  basins,  and  many 
of  these  streams  attained  higher  stages  than  in  March,  1913. 

In  New  York  state  record  floods  occurred  on  the  Mohawk  and 
upper  Hudson  Rivers.  The  damage  done  by  floods  in  some  localities 
was  extraordinary.  The  total  monetary  losses  caused  by  the  March 
1913  storm  aggregated  in  the  neighborhood  of  $200,000,000. 
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Storm  135,  October  1-2, 1913 

Heavy  rains  fell  in  western  Texas  during  the  first  four  days  of 
October.  The  area  of  greatest  precipitation  was  quite  compact,  as 
will  be  seen  from  figures  81  and  82,  which  show  the  fall  for  Oct.  1 
and  2,  the  two  days  of  maximum  precipitation.  The  heaviest  24-hour 
record  was  at  San  Marcos,  Texas,  where  13.03  inches  fell  on  Oct.  2. 
The  small  isolated  rainfall  center  shown  on  the  charts  to  the  north 
of  the  main  storm  area,  was  caused  by  a  24-hour  rain  of  11.00  inches 
at  Waco,  Texas,  also  on  Oct.  2. 

High  stages  occurred  on  the  San  Antonio,  Guadalupe,  Rio  Grande, 
and  Colorado  Rivers  as  a  result  of  this  storm.  The  Guadalupe  broke 
all  previous  flood  records,  rising  to  36.7  feet  at  Gonzales,  Tex.  This 
was  exceeded,  however,  on  December  4  of  that  year  by  a  38.1-foot 
stage. 

Storm  144,  October  14-15, 1914 

The  heavy  rains  of  October,  1914,  in  western  North  Carolina  were 
caused  by  two  storm  centers  coming  in  close  succession  from,  different 
directions.  A  large  area  including  parts  of  Kentucky,  Tennessee, 
Virginia,  North  Carolina,  South  Carolina,  and  Georgia  received  light 
rains.  In  North  Carolina  three  distinct  centers  of  excessive  precipi- 
tation formed,  as  shown  in  figures  81  and  82.  Taken  in  order  from 
north  to  south  these  are  at  Rock  House,  Chinmey  Rock,  and  High- 
lands. At  Rock  House  8.80  inches  fell  on  the  15th  and  11.00  inches 
during  the  3  days  October  14  to  16.  At  Chimney  Rock  10.00  inches 
were  recorded  on  the  15th,  which  is  the  1-day  maximum  for  quadrangle 
8-G.  At  Highlands  8.25  inches  fell  on  the  15th  and  9.55  inches  during 
the  3  days  October  14  to  16.  No  unusual  flood  stages  resulted  from 
this  storm. 

Sterm  151,  August  17-21, 1915 

This  storm  was  the  continuation  of  the  West  Indian  hurricane 
which  devastated  Galveston,  causing  great  damage  to  its  causeway  and 
to  shipping  and  causing  a  loss  of  275  hves.  Its  path  was  similar  to 
that  taken  by  the  famous  hurricane  of  September  9,  1900,  which 
nearly  destroyed  Galveston.  Both  of  these  tropical  storms  moved  in  a 
northwesterly  direction  over  the  West  Indian  archipelago  in  an  almost 
direct  course  for  Galveston.  On  passing  inland  their  courses  curved 
northward,  and  then  northeasterly  across  the  Mississippi  Valley, 
Great  Lakes  region,  and  the  St.  Lawrence  Valley.  A  comparison  of 
the  two  tracks  shows  the  1915  storm^to  have  been  south  of  that  of 
1900  throughout  the  gulf  region  by  about  150  miles.  Its  course  over 
the  United  States  was  also  south  of  that  of  the  1900  hurricane,  the 
turn  from  northwest  to  northeast  being  sharper  than  in  1900. 
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The  1915  hurricane  passed  inland  in  the  early  morning  of  August  17, 
causing  excessive  rains  over  all  of  eastern  Texas  and  a  portion  of 
Louisiana  on  the  17th,  18th,  and  19th.  Recurving  to  the  northeast 
on  the  18th  it  formed  a  second,  large  center  of  precipitation  over 
Arkansas,  which  extended  into  Oklahoma,  Missouri,  Illinois,  and 


FIG.  84.— RAINFALL  MAP  FOR  MAXIMUM  DAY,  STORMS  OF 
MARCH  1913,  DECEMBER  1913,  AND  JULY  14-16,  1916. 

Tennessee.    The  larger  part  of  the  rain  on  this  area  fell  on  the  19th 
and  20th. 

The  storm  area  consisted,  therefore,  of  two  main  centers  of  pre- 
cipitation, connected  by  a  necj^,  the  greater  of  these  areas  covering 
all  of  Arkansas  and  parts  of  adjoining  states,  see  figures  89  to  92.  The 
rainfall  within  these  areas  was  exceptionally  heavy.    At  San  Augustine 
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in  eastern  Texas,  19.83  inches  were  recorded  in  the  4  daye,  August 
16  to  19,  eBtablishing  the  2-day,  3-day,  and  4-day  records  for  excessive 
precipitation  in  quadrangle  14-1,  Other  h^^h  records  in  Texas  were 
17.95  inches  at  Rockland,  13.70  inches  at  Galveston,  and  19.37  inches 
at  Liberty,  all  in  the  3-day  period  August  17  to  19.  The  rainfall  at 
Liberty  set  the  record  for  3-day,  4-day,  5-day,  and  6-day  rainfall  in 
qxiadrangle  14-J. 


FIG.  86.— RAINFALL  MAP  FOR  MAXIMUM  2  DAYS,  STORMS  OF 
MARCH  1913,  DECEMBER  1913,  AND  JULY  14-16,  1916. 

High  rates  were  reported  in  Arkansas  as  follows:  11.18  inches  at 
Marshall,  August  17  to  20;  10.50  inches  at  Pocahontas,  August  18 
to  20;  10.90  inches  at  Okay,  August  18  to  20;  10.08  inches  at  Center- 
point,  August  18  and  19;  and  14.80  inches  at  Hardy,  August  17  to  20. 
The  latter  is  the  record  for  excessive  precipitation  for  2-day,  3-day, 
and  4-day  rainfall  in  quadrangle  13-G. 


172 


MIAMI  CONSERVANCY  DISTmCT 


In  Missouri  8.18  inches  was  reported  at  OakjSeld,  and  8.20  inches 
at  St.  Louis,  both  on  August  20.  In  Illinois,  on  the  same  day,  7.05 
inches  fell  at  Edwardsville,  6.50  inches  at  Maacautah,  and  7.03  inches 
at  Waterloo.    In  Tennessee  considerable  rain  fell  from  August  18  to 


FIG.  86.— RAINFALL  MAP  FOR  MAXIMUM  3  DAYS,  STORMS  OF 
MARCH  1913,  DECEMBER  1913,  AND  JULY  14r-16,  1916. 

20  but  no  extraordinary  intensities  were  reported.  In  Louisiana 
15.79  inches  fell  at  Merryville  and  13.13  inches  at  Logansport,  both 
on  August  17  to  19. 

Few  rivers  were  seriously  affected  in  Texas,  only  the  Trinity, 
Neches,  and  Sabine  Rivers  registering  very  high  flood  stages.  The 
same  was  true  for  the  Red  River  and  its  principal  tributaries  and  for 
a  portion  of  the  Arkansas  River  drainage.    The  streiams  draining  the 
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Ozark  Mountains,  however,  attained  high  stages,  the  rain  along  the 
eastern  edge  of  the  Ozarks  having  been  especially  heavy.  The  White 
Biver  in  Arkansas  exceeded  all  previous  records  with  a  stage  of  48.5 
feet  at  Calico  Rock,  Arkansas,  and  37.8  feet  at  Batesville,  Arkansas, 
on  August  21.     On  the  Meramec  River  a  disastrous  flood  to  the  south 


FIG.  87.— RAINFALL  MAP  FOR  MAXIMUM  4  DAYS,  STORMS  OF 

MARCH  1913  AND  DECEMBER  1913,  AND  FOR  1  DAY 

(JULY  16),  STORM  OF  JULY  14r-16,  1916. 


and  west  of  St.  Louis  caused  the  breaking  of  levees  and  the  inundation 
of  large  areas.    About  20  lives  were  lost  in  St.  Louis  County  alone. 

The  two  centers  might  be  considered  as  separate  storms  on  account 
of  the  distance  between  them,  and  the  fact  that  the  maximum  24-hour 
rainfall  was  on  the  17th  in  the  Texas  center  and  on  the  19th  in  the 
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Arkansas  center.  The  time  of  travel  of  the  storm  is  clearly  seen  from 
the  following  comparison  of  dates  of  different  maximum  periods  in  the 
two  centers: 


Maxtmum'Perlodi 


DatM  of  Ooeumnoe 
Tezu  Center  ArkAnaas  Ceatar 


1  day August  17 

2  days "      17-18 

3  days "      17-19 

4  days "      17-20 


August  19 
"       19-20 
"      18-20 
"      17-20 


FIG.  88.— RAINFALL  MAP  FOR  MAXIMUM  6  DAYS,  STORM  OF 

MARCH  1913. 


For  the  purpose  of  study  and  analysis,  a  separate  set  of  maps  and 
curves  was  prepared  for  each  center  for  the  maximum  1-day,  2-day, 
and  3-day  periods  of  rainfall.    The  two  3-day  maps  overlap  somewhat 
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in  time  and  area.  Only  one  map  was  made  for  the  maximum  4-day 
period  since  that  period  was  the  same  for  both  centers.  As  it  is 
interesting  to  compare  the  time-area-depth  data  obtained  from  the  two 
sets  of  maps,  both  sets  of  data  are  given  in  the  appendix  and  both  sets 
of  time-area-depth  curves  are  reproduced.  The  curves  for  the  Ar- 
kansas center  are  in  the  northern  group,  figures  94  to  97,  and  those 


FIG,  89.— RAINFALL  MAP  FOR  MAXIMUM  DAY,  STORMS  OF 

AUGUST  1916  AND  JULY  fr-lO,  1916. 

for  the  Texas  center  are  in  the  southern  group,  figures  99  to  102.  As 
this  is  essentially  a  southern  storm,  the  time-area-depth  curves  for  the 
Arkansas  center  are  platted  only  down  to  the  area  of  the  last  isohyetal 
which  does  not  include  the  Texas  center.  Only  the  maps  for  the 
maximum  periods  as  determined  by  the  Arkansas  center  are  repro- 
duced, see  figures  89  to  92. 
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Storm  156,  July  6-10,  1916 

Extraordinary  rains  fell  over  Alabama,  southeastern  Louisiana, 
and  western  Georgia  during  the  period  July  &-10,  as  the  result  of  a 
tropical  hurricane  which  entered  the  United  States  just  east  of  the 
mouth  of  the  Mississippi  River  on  July  5.  The  area  of  precipitation, 
figures  89  to  93,  centered  over  southern  Alabama,  Mississippi,  and 


FIG.  90— RAINFALL  MAP  FOR  MAXIMUM  2  DAYS,  STORMS  OF 

AUGUST  1915  AND  JULY  6-10,  1916. 

Georgia  although  practically  the  whole  state  of  Alabama  received  a 
total  rainfall  of  10  inches  or  more  during  the  five  days  ending  July  10. 
During  this  period  the  area  covered  by  5  inches  or  more  of  rainfall 
also  included  the  eastern  third  of  Mississippi,  the  western  two-thirds 
of  Georgia,  and  extended  well  up  into  central  Tennessee  and  western 
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North  Carolina.  It  should  be  noted  that  this  storm  was  closely 
followed  by  storm  157,  July  14-16,  1916,  figures  84  to  87,  over  prac- 
tically the  same  area  in  western  North  Carolina.  Light  rains  fell 
between  the  two  storms,  and  consequently  the  ground  was  saturated 
and  most  of  the  streams  bank  full  when  the  second  storm  came# 


FIG.  91— RAINFALL  MAP  FOR  MAXIMUM  3  DAYS,  STORMS  OF 

AUGUST  1915  AND  JULY  6-10,  1916. 

The  average  rainfall  in  Alabama  for  the  month  of  July,  determined 
from  the  records  at  58  stations,  was  16.70  inches,  which  is  11.19  inches 
more  than  the  normal  for  that  month.  The  notes  in  the  Weather 
Bureau  publication,  Climatological  Data,  state:  ''The  month  of 
July,  1916,  will  go  on  record  as  the  most  disastrous  month  experienced 
in  Alabama  in  the  last  half  century."    This  same  publication  estimates 
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the  property  loss,  caused  by  this  storm  and  the  rains  which  foUowed  it, 
at  11,000,000  dollars.  Some  26,000  people  in  the  state  were  made 
destitute  and  dependent,  and  350,000  acres  of  land  in  Alabama  were 
submerged  by  the  floods.  The  tide  at  Mobile  reached  11.6  feet  above 
mean  low  water,  which  is  about  1.7  feei  higher  than  any  previous 
record. 

Some  of  the  most  intense  precipitation  records,  in  inches,  are  as 
follows: 


Button 

I'JHT 

DMe 

S-Dfty 

Date 

S-Dfty 

Date 

Tyftakfflville,  Mufs 

10.00 
12.35 
12.20 
11.23 
10.86 
11.95 
12.70 
9.90 
12.60 

6 
6 

6  ' 

7 

8 

6 

8 

8 

5 

16.54 
15.95 
17.30 
16.88 
13.20 
15.27 
18.32 
17.25 
18.08 

6-7 
6-7 
6-7 
7-8 
7-8 
6-7 
8-9 
7-8 
5-6 

19.00 
19.95 

e^-8 

6-8 

Merrill,  Miss 

Bay  Minette.  Ala 

Clanton,  Ala 

17.81 
14.94 
18.62 
19.14 
19.69 
19.31 

6-8 

7-^ 

6-8 

8-10 

7-9 

6-7 

Eufaulft,  Ala. 

Evenrreen,  Ala 

Alaga,  Ala 

Btft^^lv.  r^a.        

Robertsdale.  Ala 

The  Pascagoula  River  at  Merrill,  Miss.,  reached  a  maximum  stage 
of  27.0  feet  at  7  p.  m.  on  the  9th,  exceeding  the  highest  previous 
record  by  0.8  foot.  The  Chattahoochee  River  at  Alaga,  Ala.,  reached 
a  record  stage  of  44.0  feet  at  9  a.  m.  on  the  9th,  exceeding  the  greatest 
previous  record  by  3.8  feet.  Many  other  streams  closely  approached 
or  exceeded  the  maximum  previous  recorded  stage. 


Storm  157,  July  14-16, 1916 

This  storm  was  produced  by  a  West  Indian  hurricane  or  tropical 
cyclone  which  approached  the  south  Atlantic  seaboard  from  the 
southeast,  entering  South  Carolina  near  Charleston  on  the  morning  of 
July  14.  As  is  commonly  the  case  with  hurricanes  after  they  come 
in  contact  with  land  surfaces,  this  storm  rapidly  diminished  in  energy 
and  finally  dissipated  on  July  16,  on  the  eastern  slope  of  the  mountains 
in  North  Carolina.  This  illustrates  the  important  influence  which 
high  mountain  ranges  exert  in  modifying  or  arresting  the  progress  of 
cyclonic  movements.  Statistics  published  by  the  Weather  Bureau* 
tend  to  show  that  the  tracks  of  cyclones  do  not  as  a  rule  cross  the 
Appalachian  Mountains. 

Two  distinct  centers  of  precipitation  formed  during  this  storm, 
one  over  South  Carolina  with  a  peak  of  over  16  inches  in  2  days,  and 
the  other  over  North  Carolina  with  a  peak  of  over  23  inches  in  2  days, 
see  figures  84  to  87.  The  maximum  rainfall  at  the  latter  was  recorded 
at  two  stations,  about  one  mile  apart,  located  on  opposite  sides  of  a 

*  Types  of  Storms  of  the  United  States  and  their  Average  Movements.  Supple- 
ment No.  1,  Monthly  Weather  Review,  1914. 
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mountain  gap,  nearly  midway  between  Grandfather  Mountain,  ele- 
vation 5964  feet,  and  Mount  Mitchell,  elevation  6711  feet.  These 
stations  are  Altapass,  elevation  2625  feet,  on  the  east  slope,  where  a 
standard  8-inch  rain  gage  indicated  a  total  fall  of  23.77  inches  for 
the  3  days,  July  15-;;17;  and  Altapass  Inn  on  the  west  slope,  where  the 
total  fall  was  1.52  inches  less.  At  Altapass  23.22  inches  of  rain  fell 
between  2  p.  m.  of  July  15  and  2  p.  m.  of  July  16. 


FIG.  92.— RAINFALL  MAP  FOR  MAXIMUM  4  DAYS,  STORMS  OF 

AUGUST  1915  AND  JULY  6-10,   1916. 

To  the  westward  of  the  mountains  the  rainfall  decreased. rapidly 
as  indicated  by  the  isohyetals  in  figures  84  to  87,  the  total  fall  at 
points  40  miles  west  of  Altapass  being  less  than  1  inch. 

Other  high  rainfall  records  reported  during  this  storm  are  11.05 
inches  on  July  15  at  Florence,  S.  C;  12.60  inches  on  July  15  at  Kings- 
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tree,  S.  C;  13.25  inches  on  July  15  at  Effingham,  S.  C;  10.65  inches 
on  July  15,  at  Transon,  N.  C;  13.25  inches  on  July  16  at  Blantyre, 
N.  C;  14.70  inches  on  July  16  at  Brevard,  N.  C;  and  10.02  inches 
on  the  15th  and  10.43  inches  on  the  16th  at  Gorge,  N.  C. 

The  floods  caused  by  this  storm  are  of  peculiar  interest.    Since 
the  storm  progressed  in  a  westerly  direction,  the  lower  reaches  of  the 


FIG.  93.— RAINFALL  MAP  FOR  MAXIMUM  6  DAYS,  STORMS  OF 

JULY  1912  AND  JULY  &-10,  1916. 

longer  Atlantic  coast  streams  were  in  flood  in  many  cases  before  their 
headwaters,  resulting  in  floods  less  severe  than  would  normally  be 
expected  from  such  rainfall.  These  floods  were,  in  some  measure, 
attributable  to  the  saturated  condition  of  the  soil  brought  about  by 
previous  heavy  rains,  which  covered  this  region  on  July  9  to  13.  A 
number  of  rivers  exceeded  the  flood  stages  attained  during  the  storm 
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of  August  1908.  Some  of  those  which  broke  all  previous  records  were 
the  Catawba  River  at  Mount  Holly,  N.  C,  and  at  Catawba,  S.  C, 
with  stages  of  36.5  and  40.4  feet  respectively;  the  Santee  River  at 
Rimini,  S.  C,  35.8-foot  stage;  the  Wateree  River  at  Camden,  S.  C, 
43.0  feet;  and  the  Broad  River  at  Blairs,  S.  C,  36.5  feet.  West  of 
the  Blue  Ridge  Mountains  the  upper  Yadkin  on  July  15,  reached  the 
highest  stages  in  its  record,  and  the  French  Broad  River  at  Asheville 
on  July  16  broke  all  records  with  a  21-foot  stage. 

DISCUSSION  OF  TIME-AREA-DEPTH  RELATIONS 

There  are  ten  sets  of  time-area-depth  curves,  figures  94  to  103, 
constructed  in  the  manner  described  on  page  133.  These  are  grouped 
first  by  region  of  occurrence,  and  second  by  period  of  maximum 
precipitation.  Thus,  each  group  of  five  sets  comprises  the  curves  for 
the  maximum  1-day,  2-day,  3-day,  4-day,  and  5-day  periods  of  about 
half  of  the  33  storms  just  described,  there  being  17  storms  in  the 
northern  and  16  in  the  southern  parts  of  the  United  States,  for  which 
curves  are  shown.  These  present  the  time-area-depth  data  for  each 
storm  in  its  most  useful  form.  Certain  storm  features  and  similarities 
between  storms  are  not  discernible  until  the  time-area-depth  curves 
are  drawn  and  compared. 

From  a  knowledge  of  the  causes  of  precipitation  in  interior  conti- 
nental regions  it  would  be  expected  that  the  maximum  1-day  period 
of  rainfall  would  be  preceded  and  followed  by  periods  of  gradually 
increasing  and  decreasing  rainfall,  especially  during  the  winter  months. 
This  is  generally  found  to  be  true,  the  maximum  1-day  rainfall  rarely 
occurring  on  the  first  or  last  day  of  the  storm  period. 

Another  very  noticeable  fact  is  that  the  depth  of  rain  which  falls 
on  the  maximum  day  is  almost  always  more  than  half  the  total  of  the 
storm  period,  regardless  of  the  number  of  days  in  the  latter.  This 
indicates,  that  much  higher  rates  of  precipitation  occur  in  periods  of 
less  than  a  day.  The  accuracy  of  this  conclusion  has  been  verified 
at  individual  stations. 

In  general,  there  are  no  very  great  differences  between  the  largest 
storm  and  the  second  or  third  largest.  This  is  more  nearly  true  of 
the  northern  group  than  of  the  southern,  and  for  the  1-day,  2-day, 
and  3-day  periods  than  for  the  4-day  and  5-day  periods.  The  most 
notable  exceptions  tp  this  rule  are  storm  43,  for  3,  4,  and  5-day  periods, 
and  storm  156,  for  the  4  and  5-day  periods,  both  in  the  southern 
group.  The  highest  3,  4,  and  5-day  record  in  storm  43  is  33.0  inches 
at  Tumersville,  Texas.  The  observer  was  not  at  the  time  an  Official 
Weather  Bureau  observer,  although  he  had  a  standard  gage.  The 
record  is  open  to  doubt.  The  other  high  records  of  this  phenomenal 
storm,  however,  tend  to  substantiate  it. 
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FIG.  97— TIME-AREA-DEPTH  CURVES  FOR  STORMS  OVER 

NORTHERN  STATES  SHOWING  GREATEST  AVERAGE 

DEPTH  OF  RAINFALL  DURING  4  DAYS. 
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List  of  storms 

storm 
No. 

Max.  4  •  Days 

Center 
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Storm   Area  in   Thousands  af  Square  Miles 

FIG.  97.— Continued;  note  change  in  korizonial  scale. 
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FIG.  98.— TIME-AREA-DEPTH  CURVES  FOR  STORMS  OVER 

NORTHERN  STATES  SHOWING  GREATEST  AVERAGE 

DEPTH  OF  RAINFALL  DURING  5  DAYS. 
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List  of  Storms 


storm 
No 


10 

66 

125 

132 


Max,  5'  Days 


m9A,  May  16-22 
1905,  Sept  15-19 
1912,  July  20-24 
1915)  Mar.  25-27 


Center 


Pa 

Mo, 

Wis. 

Ohio 


RemarlKS 


Total  Storm 
TotalStorm 

Total  Storm 
TotalStorm 
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Storm  Area  in  Thousands  of  Square  M/Zes 

FIG.  98. — CorUinued ;  note  change  in  horizontal  scale. 
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Storm  Area  in  Thousands  of  Square  Miles 

FIG.  99.— TIME-AREA-DEPTH  CURVES  FOR  STORMS  OVER 

SOUTHERN  STATES  SHOWING  GREATEST  AVERAGE 

DEPTH  OF  RAINFALL  DURING  1  DAY. 
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List  of  Storms 


Sform 
No. 


b 

15 

24 

43 

49 

63 

93 
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105 

loa 
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156 
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Max.  I  •  Day 


my,  July  29 
1694,  Sept  26 
1697,  Mar  ^2 
i 699,  June  29 
1900.  Apr  16 
1902.  Mar  26 
i 90  6,  Nov.  17 
I 90  6.  July  30 
1906,  Aug.  25 
190 6,  Oct  22 
19  09,  July  2 
1913,  Oct  2 

1913,  Dec.  4 

1914,  Oct  15 

1915,  Aug  17 

1916,  July  7 
1916,  July  15 


Cenfer 


6a 

ria. 

Ala. 

Tex. 

Miss. 

Tenn. 

Ark. 

La 

N.C. 

Okla. 

Fla 

Tex. 

Tex. 

N  C. 

Tex. 

Ala. 

S.C. 


Remarks 


13 
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Storm   Area  in   Thousands   of  Square  Miles 

FIG.  99.—ConUnii€d  ;  note  change  in  horizonial  9cale. 
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FIG.  100.— TIME-AREA-DEPTH  CURVES  FOR  STORMS  OVER 

SOUTHERN  STATES  SHOWING  GREATEST  AVERAGE 

DEPTH  OF  RAINFALL  DURING  2  DAYS. 
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Storm  Area  in  Thousands  of  Square  Miles 

FIG.  100.— Coniiniied;  Wiie  change  in  horizontal  scale. 
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FIG.  101.— TIME-AREA-DEPTH  CURVES  FOR  STORMS  OVER 

SOUTHERN  STATES  SHOWING  GREATEST  AVERAGE 

DEPTH  OF  RAINFALL  DURING  3  DAYS. 
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FIG.  101. — Continued;  note  change  in  horizonUd  scale. 
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FIG.  102.— TIME-AREA-DEPTH  CURVES  FOR  STORMS  OVER 

SOUTHERN  STATES  SHOWING  GREATEST  AVERAGE 

DEPTH  OF  RAINFALL  DURING  4  DAYS. 
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Storm  AreQ  In  Thousands  of  Square  Miles 

FIG.  102. — Cvniinu^  ;  note  change  in  horizontal  scale. 
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Storm  Area  in   Thousands   of  Square  Miles 

FIG.  103.— TIME-AREA-DEPTH  CURVES  FOR  STORMS  OVER 

SOUTHERN  STATES  SHOWING  GREATEST  AVERAGE 

DEPTH  OF  RAINFALL  DUfRING  6  DAYS. 
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Storm   Area  in  Ttiousands  of  Square  Miles 

FIG.  IQI^.'—Cofiiin'ued;  note  change  in  horizonUd  wale. 
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The  Btonn  of  July  6-10,  1916,  number  156,  for  4  and  5-day  maxi- 
mum periods  is  also  very  exceptional.  It  is  about  50  per  cent  greater 
than  the  next  smaller.  It  is  very  improbable  that  this  could  happen 
anywhere  except  close  to  the  ocean  or  gulf,  as  such  a  condition 
requires  the  importation  to  the  storm  center  for  several  days  in  suc- 
cession of  immense  quantities  of  air  greatly  overcharged  with  water 
vapor. 

The  effect  of  the  same  factor,  distance  of  land  travel,  is  also  appar- 
ent in  the  northern  group  of  storms.  Compare  the  curves,  figures 
94  to  98,  with  the  maps,  figures  50  to  57.  Storms  114, 151, 15,  and  86 
occurred  farthest  south  in  the  Mississippi  Valley,  and  are  the  largest 
for  the  3,  4,  and  5-day  periods.  They  are  less  prominent  on  the  1  and 
2-day  charts  because  overshadowed  by  the  short  violent  storms  of 
the  upper  Mississippi  Valley  and  the  northeast. 

USE  OF  THE  TIME-AREA-DEPTH  CURVES 

Practical  use  of  the  time-area-depth  curves  may  be  made  by  first 
determining  the  area.  A,  of  any  watershed  to  which  the  storms  are  to 
be  applied.  Then,  by  referring  to  the  time-area-depth  curves  for  the 
region  of  the  United  States  in  which  this  area  is  located,  the  curves 
for  the  greatest  storms,  or  for  the  storms  most  applicable  to  the  area, 
as  shown  by  the  seasonal  maps,  figures  50  to  57,  give  the  average 
depths  of  precipitation  over  an  area  equal  to  A  at  the  center  of  the 
various  storms. 

This  method  of  using  the  curves  involves  a  number  of  assumptions, 
all  of  which  tend  to  make  the  average  depth  over  the  area  A  appear 
greater  than  would  probably  ever  occur  in  a  storm  identical  in  size, 
shape,  and  characteristics  with  the  one  applied.  The  principal  of 
these  assumptions  are:  (1)  that  the  maximum  storm  center  will  occur 
over  area  A ;  (2)  that  the  isohyetal  enclosing  an  area  at  the  principal 
storm  center  equal  to  A  will  be  identical  in  shape,  orientation,  and 
location  to  area  A ;  (3)  if  two  or  more  maximiun  periods  of  the  same 
storm  are  used,  the  further  assumption  is  made  that  the  storm  center 
will  not  move  or  change  its  shape. 

It  may  be  found  advisable  to  use  the  2-day  time-area-depth  curve 
for  a  different  storm  than  that  employed  for  the  1-day  determination. 
For  though  the  1-day  curve  of  the  one  storm  may  lie  higher  on  the 
diagram  than  that  for  the  other,  yet  the  curves  for  the  2-day  period 
may  have  their  relative  positions  reversed.  In  such  a  case  all  of  the 
above  assumptions  would  be  involved,  and  the  further  assumption 
that  the  maximum  1-day  period  of  the  one  storm  is  followed  by  a 
greater  2-day  maximum  of  the  other  storm.  It  must  not  be  over- 
looked, however,  that  a  storm  over  the  area  in  question,  greater  than 
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any  yet  recorded,  may  materially  outweigh  all  of  the  above  con- 
siderations. 

In  any  storm  the  proportion  of  rainfall  which  appears  inmiediately 
as  runoff  is  largely  dependent  on  the  degree  of  saturation  of  the  soil 
caused  by  previous  rainfall.  Before  any  direct  use  can  be  made  of 
the  time-area-depth  curve  for  a  given  maximum  period,  therefore,  it 
is  necessary  to  know  the  amount  of  rainfall  which  occurred  over 
a  similar  area  on  the  preceding  days  of  the  storms  used  as  ex- 
amples. This  can  be  determined  indirectly  from  the  time-area-depth 
curves  by  taking  the  difference  in  height  of  the  curve  including  the 
previous  days  of  the  storm,  and  the  curve  exclusive  of  them,  for  the 
area  in  question.  In  considering  the  effect  which  a  given  storm  will 
produce  it  is  necessary  to  take  into  account  the  topography  of  the 
area,  season  of  the  year,  vegetable  growth,  character  of  surface  soil, 
its  condition,  and  degree  of  saturation. 

The  time-area-depth  curves  here  presented  are  not  adapted  for 
use  in  the  design  of  sewer  systems.  In  the  latter,  time  units  as  small 
as  hours  and  minutes,  and  units  of  area  as  small  as  acres  are  essential. 
Chapter  V,  on  frequency  of  excessive  precipitation,  appUes  more  par- 
ticularly to  rainfall  over  small  or  negligible  areas.  In  flood  control 
studies,  however,  units  smaller  than  the  day  and  the  square  mile, 
respectively,  would  be  of  no  practical  value. 

For  the  convenience  of  the  reader  certain  time-area-depth  data 
for  each  of  the  33  storms,  taken  from  the  curves,  is  presented  in  tabular 
form  in  tables  6  and  7.  This  consists  of  the  depth  in  inches  of  the 
greatest  average  rainfall  on  areas  of  1,  500,  1000,  2000,  4000,  and 
6000  square  miles,  during  maximum  consecutive  periods  of  1  to  5  days. 
Storm  151  is  Usted  in  both  tables,  for  the  reasons  given  on  page  175, 
which  accounts  for  there  being  17  storms  in  table  7. 

SELECTING  THE  33  MOST  IMPORTANT  STORMS 

The  entire  rainfall  investigation,  as  previously  stated,  was  con- 
ducted primarily  with  a  view  to  its  bearing  on  Miami  Valley  conditions. 
In  the  selection  of  storms  for  mapping,  it  was  necessary  to  limit  the 
work  involved  by  choosing  certain  restrictions  of  storm  area,  depth, 
and  the  time  during  which  a  storm  might  be  considered  to  last.  From 
observation  and  from  previous  studies  of  storms  made  by  the  Morgan 
Engineering  Company,  it  was  known  that  heavy  precipitation  over  an 
appreciable  area  is  rarely  continuous  for  a  period  of  more  than  five 
or  six  days.  Several  such  rainfall  periods,  however,  may  occur 
separated  by  only  one  or  two  days  of  Uttle  or  no  rainfall. 

It  is  the  latter  type  of  storms  which  cause  the  greatest  floods  on 
rivers  having  very  large  drainage  areas,  where  more  than  three  or 
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four  days  is  required  for  sufficient  runoff  to  collect  to  cause  flood 
conditions.  For  an  investigation  of  storms  which  cause  the  greatest 
floods  on  such  rivers  a  longer  rainfall  period  than  three  or  four  da3rB 
would  have  to  be  chosen  as  the  maximum  for  a  storm.  A  number 
of  storms  have  been  recorded  which  lasted  ten  or  even  fifteen  days, 
but  in  almost  every  such  instance  the  intensity  during  the  five  con- 
secutive da3rs  of  maximum  rainfall  was  much  less  than  the  intensity 
of  other  storms  of  the  same  region  which  lasted  only  five  days  or  less. 
It  is  a  well-known  fact  that  these  long-continued  general  storms  of 
late  winter  and  early  spring  are  not  those  which  are  the  greatest  menace 
to  hfe  and  property  on  streams  which  have  small  drainage  areas. 
Such  storms  frequently  extend  over  the  entire  eastern  half  of  the 
United  States,  but  in  no  place  is  the  rainfall  very  intense.  In  all 
streams  except  the  very  largest,  the  time  required  for  rainfall  to  reach 
the  main  channel  and  run  off  is  so  small,  in  comparison  with  the 
duration  of  the  storm,  that  no  serious  flood  can  result.  The  water 
simply  collects  and  runs  off  practically  as  fast  as  it  falls.  On  the 
contrary,  the  largest  streams,  such  as  the  Mississippi  and  Missouri 
Rivers,  experience  their  greatest  floods  after  such  long-continued 
general  storms.  When  such  a  storm  covers  the  entire  watershed  of 
one  of  these  rivers,  the  flood  crests  on  all  the  principal  tributaries  may 
reach  the  main  channel  at  approximately  the  same  time,  and  cause 
the  greatest  flood  stages  on  the  lower  reaches  of  the  river.  A  good 
example  of  this  type  of  storm  is  that  of  May  16-31,  1903,  described 
on  page  151. 

From  a  consideration  of  the  area  of  the  Miami  watershed  and  the 
characteristic  length  of  storms  in  the  United  States,  it  was  decided 
for  the  purpose  of  mapping  to  include  the  maximum  periods  of  storms 
up  to  five  da3rs,  and  for  each  of  these  periods  the  entire  continuous 
storm  area  included  within  the  2-inch  isohyetal. 

The  33  storms  selected  for  detail  investigation  comprise  the  3 
greatest  storms  of  the  49-year  period,  1843-1891,  and  30  of  the  largest 
and  most  important  storms  taken  from  the  160  which  occurred  during 
the  25-year  period,  1892-1916.  The  latter  consist  of  15  storms  taken 
from  the  northern  and  15  from  the  southern  group.  The  3  early 
storms  were  selected  as  the  largest  and  most  important  after  a  careful 
sifting  process,  now  to  be  described  in  more  detail. 

STORMS  WHICH  OCCURRED  FROM  1843  TO  1872 

The  search  for  storm  data  for  the  30-year  period  1843-1872  was 
confined  to  a  few  of  the  largest  storms.  The  object  was  toMearn 
whether  or  not  any  storms  during  this  period  were  as  great  or  greater 
than  storms  of  recent  years  that  have  occurred  in  the  same  sections 
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of  the  country.  It  was  obviously  impossible  to  study  minutely  the 
lesser  storms  of  this  early  period,  on  account  of  scarcity  of  rainfall 
records.  However,  the  northeastern  part  of  the  United  States  was 
somewhat  of  an  exception  in  this  respect,  as  rainfall  records  were  kept 
by  many  scientifically  trained  men  for  their  own  use,  or  in  cooperation 
with  the  Smithsonian  Institution. 

In  the  middle  west  and  south  there  were  few  rainfall  gaging  stations, 
and  it  is  necessary  to  rely  very  largely  on  the  newspapers  and  sci- 
entific journals  for  descriptions  of  rainfall  and  flood  conditions.  All 
of  these  sources  of  information  were  examined,  and  the  time-area- 
depth  relations  of  a  few  of  the  largest  storms  were  analyzed  as  closely 
as  the  character  and  extent  of  the  data  would  permit. 

In  the  northern  part  of  the  country  only  one  storm  furnished 
sufficient  data  to  exhibit  fully  its  time-area-depth  relations.  This  is 
storm  a  of  October  3-4,  1869,  central  over  Connecticut,  a  map  of 
which  is  shown  in  figure  59,  and  description  given  on  page  138.  The 
fact  that  a  number  of  scientists  and  engineers  were  making  rainfall 
observations  at  that  time,  and  yet  no  other  storm  was  reported  which 
closely  approached  storm  a  in  depth  and  area  covered,  is  very  good 
proof  that  this  was  the  largest  storm  which  occurred  in  the  northern 
part  of  the  country  during  that  period.  Doubtless  if  there  were  com- 
plete data  available,  so  that  the  true  size  of  other  large  storms  of  the 
period  could  be  determined,  some  of  these  would  approach  storm  a 
in  magnitude,  but  it  is  hardly  possible  that  it  could  have  been  materi- 
ally exceeded. 

The  time-area-depth  curve  for  storm  a,  figure  95,  is  exceeded  by 
that  of  storm  76,  Oct.  8-9,  1903,  central  over  New  Jersey.  The  other 
northeastern  storms,  in  order  of  size  for  the  2-day  period,  are  storm  25, 
July  12-14,  1897,  central  over  Connecticut;  storm  c.  May  31- June  1, 
1889,  central  over  Pennsylvania;  and  storm  10,  May  18-22,  1894, 
central  over  Pennsylvania.  The  curves  for  all  of  these  Ue  below  that 
for  storm  a.  It  is  apparent  from  this,  also,  that  storm  a  is  one  of  the 
greatest  to  which  the  northeastern  states  are  subject. 

Deductions  as  to  the  possible  maximum  size  of  storms  which  may 
have  occurred  in  the  northwest  and  south  during  this  30-year  period 
must  be  based  on  the  comparatively  few  rainfall  records  available, 
on  newspaper  and  technical  journal  reports,  and  on  the  comparisons 
which  may  be  made  of  this  data  with  the  accurate  and  abundant  data 
of  the  largest  storms  of  the  last  25  years.  A  comparison  of  the 
greatest  storms  of  the  past  25  years  in  Iowa,  IlUnois,  and  Ohio,  numbers 
72,  51,  114,  and  132,  figure  95,  with  those  in  the  northeastern  states, 
shows  that  they  vary  most  at  the  peak  and  differ  but  little  for  areas 
of  5,000  to  10,000  square  miles.     It  is,  of  course,  natural  that  the  peak 
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records  should  vary  greatly,  even  in  the  same  section  of  the  country, 
as  they  are  for  but  one  or  only  a  very  few  stations. 

The  final  conclusion  is  that  for  the  30-year  period  1843-1872  there 
were  no  storms  in  the  northeastern  states  which  exceeded  that  of 
October  S-4,  1869.  The  maximum  storm  which  may  have  occurred 
in  other  parts  of  the  United  States  east  of  the  103d  meridian  cannot 
be  so  definitely  fixed,  but  from  the  fairly  reliable  data  avaUable  it  is 
safe  to  say  there  was  no  storm  which  materially  exceeded  the  largest 
storms  of  the  past  25  years  in  the  same  regions. 

STORMS  WHICH  OCCXTRRED  FROM  1873  TO  1891 

Dining  the  19  years  from  1873  to  1891  the  number  and  distribution 
of  stations  leaves  little  room  for  doubt  that  not  only  were  all  the  great- 
est storms  recorded  at  a  nimiber  of  stations,  but  also  that  the  records 
of  northern  storms  are  sufficient  to  reveal  with  a  considerable  degree 
of  accuracy  their  comparative  time-area-depth  relations.  However, 
there  were  large  areas  in  the  southern  and  central  western  states  in 
which  stations  were  relatively  sparse,  and  consequently  it  is  probable 
that  there  are  no  records  for  many  of  the  smaller  storms.  For  this 
reason  the  investigation  for  the  19-year  period,  1873-1891,  was  also 
confined  to  a  comparison  of  the  greatest  storms  of  that  period  with 
the  greatest  storms  over  the  same  geographical  sections,  which  have 
occurred  during  the  last  25  years.  After  a  thorough  examination  of 
all  the  data  available,  maps  and  time-area-depth  curves  were  made 
for  two  of  the  greatest  storms  of  the  period. 

Storm  6,  July  27-31,  1887,  over  Georgia,  is  shown  in  figures  62  to 
66;  the  time-area-depth  curves  are  included  with  those  for  the  south- 
em  group  of  storms,  figures  99  to  103.  The  ciu^es  for  this  storm  are 
considerably  below  those  for  later  southern  storms,  which  indicates 
insufficient  data  for  the  earlier  period,  instead  of  an  increase  in  the 
size  of  storms  in  late  years.  However,  this  storm  is  high  enough  in 
the  scale  of  great  southern  storms  to  substantiate  the  claim  that  it  is 
one  of  the  largest  that  has  occurred  during  the  period  in  question. 
As  in  the  preceding  30-year  period,  the  positive  evidence,  as  shown 
by  records  of  precipitation,  that  no  greater  storm  occurred,  is  cor- 
roborated by  the  negative  evidence  that  there  are  no  river  gage,  news- 
paper, or  scientific  journal  records  to  show  that  a  greater  storm  did 
occur  during  this  period. 

In  the  northern  and  eastern  states  storm  c,  May  31-June  1,  1889, 
central  over  Pennsylvania,  is  the  greatest  of  the  period.  The  resulting 
floods  caused  widespread  disaster,  that  at  Johnstown  being  historic. 
The  maps  are  shown  in  figures  71  and  72,  and  the  time-area-depth 
curves  in  figures  94  and  95. 
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There  is  but  little  question  that  storms  a,  b,  and  c  were  among  the 
greatest  which  occurred  during  the  49  years  from  1843  to  1891.  If 
rainfall  gaging  stations  had  been  as  numerous  during  this  period  as 
during  the  succeeding  25  years  the  storms  would  have  been  more 
accurately  recorded,  and  it  is  possible  that  they  were  somewhat 
greater  than  is  indicated  by  the  data  now  available. 

STORMS  WHICH  OCCXTRRED  FROM  1892  TO  1916 

All  storms  of  magnitude  which  occurred  from  1892  to  1916  are 
accurately  recorded.  The  number  and  distribution  of  rainfall  gaging 
stations  for  this  period  make  it  possible  to  map  these  storms  and 
obtain  a  close  comparison  of  their  time-area-depth  relations. 

How  to  select  the  30  most  important  storms  of  this  25-year  period 
from  the  160  for  which  detail  precipitation  records  had  been  compiled 
presented  no  simple  problem.  It  would  have  been  comparatively 
easy  if  maps  and  time-area-depth  curves  had  been  prepared  for  all 
160  storms.  A  great  deal  of  time  and  labor  is  required  to  make  these 
maps  and  curves,  however,  and  no  additional  information  of  value  is 
gained  by  deducing  the  time-area-depth  relations  for  a  large  number 
of  the  less  important  storms.  The  object  was  not  merely  to  select 
for  mapping  the  30  largest  storms  from  the  charts  showing  relative 
sizes,  as  in  effect  this  would  have  included  very  few  northern  storms. 
Even  after  dividing  the  storms  into  northern  and  southern  groups,  it 
was  not  thought  advisable  to  map  the  15  greatest  storms  in  each  group, 
as  this  would  leave  large  sections  unrepresented.  It  was  finally 
decided  to  map  four  or  five  of  the  greatest  storms  in  each  group, 
without  regard  to  geographical  position,  and  then  to  select  the  re- 
maining storms  to  be  mapped  from  different  sections  of  the  country, 
taking  the  greatest  for  each  section.  Those  finally  selected  for 
mapping  are  indicated  by  an  asterisk  in  tables  4  and  5. 

The  4  largest  storms  in  the  northern  group,  as  shown  in  the  chart 
of  comparative  depths  of  storms,  figure  48,  were  first  selected  for 
mapping  and  time-area-depth  study.  These  are,  in  order  of  size, 
number  161,  central  over  northern  Arkansas;  number  114,  central 
over  southern  IlUnois;  number  76,  central  over  New  Jersey,  and 
number  72,  central  over  Iowa.  The  fifth  storm  in  order  of  size, 
number  39,  was  not  mapped  because  it  had  no  special  features,  and  fell 
over  approximately  the  same  area  as  storms  151  and  114,  both  of 
which  exceeded  it. 

The  next  8  storms  in  order  of  size  were  mapped.  They  are, 
number  16,  central  over  Missouri,  which  was  platted  because  of  the 
great  area  covered  and  its  unusual  size  for  a  winter  storm;  number 
132,  the  great  storm  of  March  23-27,  1913,  central  over  Ohio  and 
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Indiana;  number  10,  central  over  Pennsylvania,  which  is  an  example 
of  the  unusually  large  storms  of  long  duration  on  the  North  Atlantic 
coast;  number  25,  central  over  Connecticut;  number  109,  central 
over  Missouri;  number  110,  central  over  Wisconsin,  which  is  the 
only  storm  in  that  region  coming  within  the  selected  limits,  although 
another  Wisconsin  storm  was  mapped  which  lies  just  below  those 
limits;  number  51,  central  over  Iowa;  and  number  86,  Sept.  15-19, 
1905,  central  over  Missouri.  The  long  major  axis  of  storm  86  had  a 
northwest  to  southeast  direction,  which  is  very  unusual  for  a  storm 
of  this  size.  Another  distinctive  feature  was  its  long  duration  at  a 
time  of  year  when  short  violent  storms  generally  occur. 

The  next  five  smaller  storms,  numbers  94,  23,  14,  129,  and  12, 
were  not  mapped  because  they  are  not  of  particular  interest.  Num- 
ber 83,  the  next  one  mapped,  is  the  well-known  Devils'  Creek  storm 
in  Iowa,  of  June  9-10,  1905.  In  the  area  of  maximum  precipitation 
the  greater  part  of  the  rainfall  occurred  within  12  hours,  and  ail 
within  24  hours.    The  maximum  record  was  12.1  inches. 

Only  two  other  storms  in  the  northern  group  were  mapped,  niunber 
130,  January  10-12,  1913,  over  northern  Arkansas  and  Kentucky, 
bearing  some  resemblance  in  season,  type,  and  area  covered,  to  storm 
132,  of  March  23-27,  1913,  which  caused  the  disastrous  flood  in  the 
Miami  Valley;  and  number  125,  the  smallest  storm  mapped,  of  July 
20-24,  1912,  over  Wisconsin.  This  was  mapped  because  of  its  center 
depth,  which  is  unusual  for  that  region,  and  because  only  one  other 
storm  is  mapped  for  that  section. 

In  the  southern  group,  as  in  the  northern,  the  four  greatest  storms 
were  mapped.  The  fifth  largest  storm,  number  56,  was  central  over 
Florida,  was  not  very  unusual  in  any  way,  and  was  not  in  a  position 
to  cause  material  flood  damage.  The  next  greatest  storm,  number  13, 
included  practically  the  same  area  and  was  platted  instead  of  number 
56.  Intense  precipitation  fell  over  a  much  larger  area  in  storm  13, 
as  may  be  seen  by  comparing  the  tenth  and  twentieth  values  of  the 
two  storms. 

The  next  four  storms  in  size,  numbers  136,  108,  43,  and  135  were 
platted.  The  next,  number  134,  was  not  platted  because  it  was  central 
over  Louisiana,  a  section  most  prolific  in  storms,  where  great  flood 
damage  cannot  result. 

The  two  storms  following  in  size,  numbers  93  and  105,  were  platted, 
and  the  next  two,  numbers  150  and  92,  were  passed  by  on  account  of 
imimportance.  Storms  24  and  63  were  mapped  to  help  get  a  repre- 
sentative distribution  of  storms.  Only  one  other  storm  was  mapped. 
This  is  number  102,  July  29-31, 1908,  over  Louisiana.  It  is  of  interest 
chiefly  on  account  of  the  depth  of  17.62  inches  at  the  center. 


CHAPTER  IX.— MAPPING  AND  PREPARING 

TIME-AREA-DEPTH  CURVES  FOR  THE  33 

MOST  IMPORTANT  STORMS 

In  determining  the  time-area-depth  relations  of  storms  many 
imforeseeable  diflSculties  and  imcertainties  were  encountered.  To 
determine  the  best  procedure  in  such  cases  numerous  experiments 
were  tried.  In  order  that  other  investigatorsi  who  may  wish  to  make 
similar  storm  studies,  may  be  forewarned  of  the  difficulties  and  may 
be  able  to  profit  by  our  experience,  this  chapter  contains  a  rather 
detailed  description  of  the  various  expedients  tried  and  the  methods 
finally  adopted. 

Tlie  relations  of  storm  duration,  area,  and  depth  are  perhaps  the 
most  complex  of  all  that  ordinarily  receive  attention  in  the  discussion 
of  rainfall  statistics.  Numerous  other  distinct  and  independent  vari- 
able factors  enter,  such  as  rate  and  direction  of  storm  movement, 
location  and  distribution  of  rainfall  gaging  stations,  and  time  of 
making  observations;  and  their  mutual  inter-relations  are  both  elusive 
and  involved.  In  writing  this  chapter  every  attempt  has  been  made 
to  discuss  and  evaluate  each  element  separately  at  first,  to  remove 
every  trace  of  obscurity  or  uncertainty  in  primal  meaning,  and  thus 
to  help  the  reader  to  unravel  the  tangled  web  of  relationships  which 
results  from  the  records  of  the  actual  storm  phenomena.  In  spite  of 
this  effort,  however,  this  chapter  doubtless  remains  the  most  difficult 
in  the  whole  volume  and  will  require  the  greatest  demand  upon  the 
attention  of  the  reader.  It  will  be  necessary  constantly  to  keep  before 
the  mind  the  nature  of  each  element  involved  in  order  to  appreciate 
the  discussions  of  relationships  from  various  aspects. 

ASSEMBUNG  AND  COMPUTING  DATA  FOR  MAPPING 

STORMS 

The  complete  data  for  each  storm  selected  for  mapping  was  as- 
sembled and  listed  in  tabular  form  as  illustrated  in  figure  104.  This 
form  is  entirely  distinct  from  the  excessive  precipitation  sheets  de- 
scribed in  chapter  IV,  the  data  for  the  storms  being  much  more 
complete.  In  order  to  have  all  the  data  needed  for  mapping  a  storm, 
the  records  taken  during  the  storm  period  at  all  the  stations  touched 
by  the  storm  were  copied  irrespective  of  their  amounts.  This  intro- 
duced records  from  many  stations  where  the  amount  was  less  than  the 
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minimum  used  in  the  excessive  precipitation  sheets.  The  smallest 
number  of  stations  for  one  storm,  used  in  plotting  the  rainfall  maps, 
was  33  and  the  greatest  number  for  one  storm  was  965. 

As  shown  in  figure  104,  the  stations  were  first  listed  in  alphabetical 
order,  and  then  opposite  each  station  in  the  successive  colunms  were 
copied  the  daily  rainfall  records  during  the  storm  period  considered. 
The  appropriate  dates  are  entered  at  the  tops  of  the  respective 
colunms. 

Next,  each  column  was  totaled.  The  day  with  the  greatest  total 
was  considered  the  date  of  maximum  1-day  precipitation.  In  most 
of  the  33  storms  thus  studied  in  detail  no  doubt  exists  as  to  the  date 
of  maximum  1-day  precipitation.  In  some  cases,  however,  usuaUy 
in  storms  of  long  duration  and  covering  a  large  extent  of  territory, 
there  was  some  uncertainty  as  to  what  should  be  considered  the 
maximum  1-day  period.  The  date  of  maximum  precipitation  over 
one  center  of  heavy  rainfall,  for  instance,  is  sometimes  different  from 
the  date  of  maximum  precipitation  over  another  distinct  center  of 
suflScient  importance  to  merit  separate  consideration. 

The  period  of  maximum  2-day  precipitation  was  determined  by 
joining  to  the  date  of  maximum  1-day  precipitation  either  the  day 
preceding  or  the  day  following,  using  the  day  on  which  occurred  the 
greater  total  sum  of  precipitation  at  all  the  stations.  The  dates  for 
the  3-day  and  successive  maximum  periods  were  similarly  determined. 

After  the  dates  were  fixed,  the  total  amounts  of  precipitation  at 
each  station  for  the  maximum  1,  2,  3,  4,  and  5-day  periods  were 
entered  in  the  last  columns  of  the  form  as  illustrated  in  figure  104. 

MAPPING  THE  STORMS 

On  outline  maps  showing  the  principal  geographical  features  and 
state  boundaries  within  and  adjacent  to  the  area  of  the  storm,  each 
rainfall  station  within  the  storm  area  was  located  and  its  precipitation 
for  the  period  considered  was  noted  beside  it.  Isohyetal  lines  were 
then  drawn  at  1-inch  rainfall  intervals,  down  to  and  including  the 
2-inch  Une. 

In  appearance  these  rainstorm  maps,  figure  105,  resemble  topo- 
graphic maps.  If  data  were  available  to  plat  rainstorm  maps  with 
the  same  degree  of  accuracy  with  which  good  topographic  maps  are 
platted,  there  could  have  been  no  necessity  for  selecting  one  from 
several  methods  of  platting  the  former.  Unfortunately,  however, 
several  factors  operate  to  reduce  the  accuracy  of  rainstorm  maps, 
making  it  advisable  to  devise  some  means,  if  possible,  to  eUminate 
these  inaccuracies.    They  may  be  divided  into  four  classes: 
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FIG.  104.— FORM  ILLUSTRATING  THE  METHOD  OF  COMPILING 

STORM  DATA. 
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FIG.  105.— MAP  ILLUSTRATING  METHOD  OF  PLATTING  STORMS. 


Isohyetals  shown  are  for  3  days  of  maximum  nunfall  during  storm  of  July  13-17, 


1916. 
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SOURCES  OF  ERROR  IN  ORIGINAL  DATA 

Class  1.    Arbitrary  Location  of  Observing  Stations 

Rainfall  recording  stations,  being  permanently  located,  rarely 
furnish  data  sufficient  to  develop  precise^  the  shape  of  a  rainstorm 
area.  A  rainstorm  map  platted  from  the  available  records  depicts 
the  storm  no  more  accurately  than  a  topographic  map  platted  from 
random  stadia  observations  would  represent  actual  topography.  In 
comparatively  level  country  the  difference  between  two  topographic 
maps,  one  from  well  chosen  stadia  observations  and  the  other  from 
random  stadia  observations,  would  not  be  great.  This  also  holds 
for  the  comparatively  regular  edges  of  a  rainstorm  map.  In  hilly 
country,  however,  the  two  topographic  maps  would  probably  not 
resemble  each  other  closely;  and  it  is  very  likely  that  this  can  be 
truly  said  of  two  rainstorm  maps  platted  under  analogous  conditions. 
In  recent  years,  and  particularly  in  the  more  densely  inhabited  parts 
of  the  country,  stations  are  comparatively  close  together,  so  that 
storms  platted  from  their  records  more  nearly  represent  the  true 
conditions.  It  is  noticeable  that  the  closer  stations  are  together,  the 
more  irregular  appears  to  be  what  may  be  called  the  topography  of 
the  storm.  Particularly  is  this  so  in  the  vicinity  of  the  storm  centers. 
For  this  reason  the  percentage  of  error  in  areas  on  which  great  depths 
fall  is  larger  than  in  areas  covered  to  less  depths.  Other  things  being 
equal,  also,  the  percentage  of  error  will  be  greater  as  the  stations  are 
farther  apart. 

Class  2.    Inaccuracy  of  Records 

In  some  cases  the  accuracy  of  the  data  is  questionable.  It  is 
subject  to  two  kinds  of  errors.  First,  errors  due  to  failure  to  catch  the 
precipitation  properly;  and  second,  personal  errors,  due  to  failure  to 
read,  record,  transcribe,  or  tabulate  correctly.  By  far  the  greatest 
number  of  observers  are  carrying  on  the  work  voluntarily,  and  hence 
it  is  not  probable  that  the  close  attention  is  given  to  accuracy  which 
is  to  be  expected  from  paid  observers.  Occasional  inconsistencies  in 
the  records  were  found,  indicating  errors  from  these  sources,  and  it  was 
difficult  at  times  to  decide  whether  or  not  to  alter  or  discard  certain 
data. 

Class  3.    Arbitrary  Division  of  Time 

Another  and  very  important  source  of  inaccuracy  in  determining 
the  greatest  rainfall  for  a  given  period  is  due  to  the  fact  that  readings 
at  each  station  are  recorded  at  a  stated  time  each  day  without  regard 
to  the  time  of  beginning  or  ending  of  the  storm.    Under  these  cir- 
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cumstances  it  is  almost  certain  that  a  record  of  the  greatest  rainfall 
within  a  given  length  of  time  is  seldom  obtained.  What  is  recorded 
as  a  2  days'  rainfall  may  be,  and  often  is,  found  to  be  actually  a  storm 
of  less  than  24  hours'  duration.  A  24-hour  record  may  Ukewise  cover 
only  a  few  hours  of  rainfall.^  Errors  of  this  kind  obviously  are  always 
in  the  same  direction,  and  arithmetical  averages  derived  from  them, 
therefore,  cannot  be  compensating.  They  are  the  more  serious 
because  they  always  indicate  a  greater  length  of  time  for  a  given 
precipitation,  and  therefore  a  smaller  storm  intensity,  than  the  true 
one.  The  effect  of  this  error,  however,  tends  to  be  less  for  two  days 
than  for  one,  less  for  three  days  than  for  two,  and  in  the  more  serious 
storm  type  extending  over  a  period  of  several  days  the  error  is  of  little 
consequence. 

Another  factor  which  tends  to  reduce  this  error  is  the  area  over 
which  a  given  storm  occurs.  Let  us  assume  that  the  storm  is  moving 
in  an  easterly  direction  and  causes  a  precipitation  of  5.2  inches  at 
station  a  lasting  from  11  p.  m.  on  May  18  to  11  p.  m.  May  19.  In  its 
eastward  movement  it  reaches  station  b  and  causes  a  precipitation  of 
4.5  inches,  lasting  from  2  p.  m.  May  19  to  2  p.  m.  May  20.  Although 
the  precipitation  lasts  only  24  hours  at  each  station,  as  stated  above, 
it  is  recorded  as  a  48-hour  storm  at  both  stations  if  the  readings  are 
taken  about  6  p.  m.  But  from  the  time  rainfall  began  at  station  a 
until  it  ceased  at  station  b  was  39  hours,  and  the  runoff  for  the  storm 
area  including  stations  a  and  b  was  in  many  respects  similar  to  that 
which  would  have  been  caused  had  the  precipitation  at  each  station 
been  distributed  uniformly  throughout  the  39  hours. 

Class  4.    Variations  in  Time  of  Observation 

Another  class  of  inaccuracies  is  brought  about  by  the  fact  that 
readings  at  all  stations  are  not  taken  simultaneously.  Most  of  the 
readingis  are  taken  about  sundown,  but  a  considerable  number  are 
taken  in  the  morning.  A  few,  the  so-called  regular  Weather  Bureau 
records,  are  computed  from  continuous  automatic  records  and  cover 
the  period  from  midnight  to  midnight.  It  was  found  that  the  last 
class  agrees  fairly  closely  with  the  evening  readings  at  surrounding 
stations.  No  semblance  of  agreement  could,  however,  be  found  to 
exist  between  evening  and  succeeding  morning  readings.  As  the 
evening  readings  are  in  the  preponderance,  they  necessarily  constitute 
the  controlling  data  for  the  maps.  The  morning  readings  would  have 
been  discarded  altogether  had  it  not  been  that  without  them  the 
remaining  material  was  too  scant  to  be  useful. 
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EXPERIMENTAL    MAPS 

Before  platting  the  final  maps  for  the  33  storms  selected  for  that 
purpose,  experimental  maps  were  made  in  order  to  learn  by  what 
method  they  could  be  constructed  with  the  greatest  facility  and 
accuracy. 

To  determine  the  effect  of  the  several  sources  of  inaccuracy  enumer- 
ated above,  experiments  were  made  with  the  data  for  two  storms. 
The  storm  of  October  4-6, 1910,  was  platted  on  maps  by  four  different 
methods,  here  designated  the  A,  B,  C,  and  D  methods.  The  storm 
of  November  17-21,  1906,  was  platted  by  two  of  these,  the  A  and  B 
methods. 

By  the  A  method  the  morning  and  evening  records  taken  on  the 
same  day  were  treated  as  though  of  equal  value  and  as  though  they 
had  been  taken  simultaneously.  The  depths  of  rainfall  for  the  differ- 
ent periods  of  maximum  accumulated  precipitation  at  each  station 
were  taken  directly  from  the  computations  described  on  page  214. 
This  method  is  the  simplest  of  the  four  and  would  be  the  natural  way 
of  utilizing  the  data  if  corrections  for  the  four  sources  of  error  described 
above  could  readily  be  made  in  the  original  figures.  The  only  in- 
accuracies that  the  A  method  permits  to  be  corrected,  however,  are 
those  falling  in  the  second  class,  that  is,  inaccuracies  of  reading  and 
recording,  and  this  only  when  surrounding  stations  furnish  unmistak- 
able evidence  as  to  the  nature  of  the  error. 

By  the  B  method  the  evening  records  were  made  to  control  the  lines 
of  equal  rainfall  within  the  limits  imposed  by  the  morning  records  of 
the  following  day.  That  is,  the  isohyetals,  although  drawn  with  little 
regard  for  the  morning  records  of  the  calendar  day,  were  not  drawn 
through  points  shown  by  the  records  of  the  following  morning  to  have 
had  less  rain  than  the  lines  would  indicate.  The  morning  records  were 
shown  in  the  form  of  a  fraction,  the  numerator  in  black  indicating  the 
reading  for  the  current  morning  and  the  denominator  in  red  that  of 
the  following  morning.  This  method  is,  therefore,  an  attempt  to 
adjust  inaccuracies  due  to  some  readings  being  taken  in  the  morning. 
With  these  adjustments  it  becomes  perhaps  slightly  easier  to  form 
an  opinion  as  to  whether  or  not  certain  station  records  were  subject 
to  the  inaccuracies  noted  under  class  2  above. 

The  C  method  was  tried  with  the  hope  that  it  might  provide  a 
method  of  compensating  for  inaccuracies  due  to  variations  in  time  of 
observation,  for  those  due  to  arbitrary  division  of  time,  and  to  some 
extent  for  those  due  to  inaccuracy  of  reading  and  recording,  described 
above  under  classes  4,  3,  and  2,  respectively.  By  this  method  a 
definite  date  was  not  selected  as  that  of  1-day  maximum  accumulated 
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precipitation  for  all  the  stations,  but  the  day  on  which  the  summation 
of  rainfall  for  all  the  stations  was  greatest  (elsewhere  considered  the 
date  of  1-day  maximum  accumulated  precipitation)  was  merely  taken 
as  a  fair  basic  date,  and  the  1-day  maximum  accumulated  precipitation 
allowed,  at  each  particular  station,  to  vary  1  day  in  either  direction 
from  this  basic  date.  Thus,  in  the  storm  of  October  4  to  6,  1910, 
the  date  for  which  the  summation  for  all  the  stations  is  greatest,  or 
the  basic  date,  was  October  5;  but  the  1-day  maximum  accumulated 
precipitation  at  Farmersburg,  Ohio,  was  taken  as  October  4,  because 
the  precipitation  at  Farmersburg  on  that  date  was  greater  than  that 
on  either  October  5  or  6;  the  1-day  maximum  at  Evansville,  Ind., 
was  taken  as  October  5,  because  greater  at  Evansville  on  that  date 
than  on  October  4  or  6;  the  1-day  maximum  at  Farmland,  Ind.,  was 
taken  as  October  6,  because  greater  at  Farmland  on  that  date  than  on 
October  4  or  5.  The  dates  of  maximum  accumulated  precipitation 
at  each  particular  station  were  allowed  to  include  the  day  either 
preceding  or  following  the  basic  period,  determined  by  summing  up 
the  precipitations  at  all  the  stations,  provided  this  gave  a  greater 
maximum  for  that  station.  The  shapes  of  the  time-area-depth  curves 
obtained  by  the  C  method  did  not  seem  to  justify  the  latter's  use. 
This  is  mainly  due  to  the  fact  that  it  does  not  make  allowance  for  the 
progressive  movement  of  a  storm.  For  instance,  if  the  heaviest  rain- 
fall of  a  given  storm  extends  from  May  23  to  25  in  southeast  Missouri, 
the  heaviest  rainfall  period  in  Indiana  for  the  same  storm  may  be, 
and  Ukely  will  be,  from  the  24th  to  the  26th.  By  the  C  method  it  is 
made  to  appear  that  the  rain  fell  simultaneously  in  the  two  states. 

In  the  D  method,  each  successive  day's  record  was  platted  on  a 
separate  map  and  isohyetal  lines  drawn.  The  two  successive  maxi- 
mum days  were  combined  by  la3dng  one  map  over  the  other,  noting 
the  points  of  intersection  of  the  isohyetals,  and  placing  a  figure  at 
the  point  indicating  the  sum  of  the  two  lines.  Isohyetab  for  the 
2-day  period  were  then  drawn  through  these  points.  The  map  so 
obtained  was  combined  with  the  map  for  the  day  preceding  or  follow- 
ing, depending  on  which  was  the  larger,  to  get  points  on  the  isohyetal 
lines  for  the  3-day  period,  and  so  on. 

This  would  seem  to  be  the  most  logical  method  of  the  four  in 
that  it  retains  on  the  map  of  each  successive  day  certain  of  the  irregu- 
larities of  storm  shape  of  preceding  days,  which  do  not  appear  when  an 
independent  map  is  platted  for  each  maximum  period.  By  this 
method,  however,  it  is  sometimes  possible  to  build  up  higher  storm 
centers  than  seem  warranted  by  the  data.  This  feature,  perhaps, 
has  a  tendency  to  minimize  inaccuracies  introduced  by  the  fixed 
locations  of  the  stations.    One  disadvantage  is  that  the  method  is 
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very  laborious  and  time  consuming.  Another  is  that  the  A  method 
must  be  used  for  platting  the  precipitation  records  for  each  day  of  the 
storm,  or  else  it  becomes  necessary  to  readjust  the  morning  records 
arbitrarily. 

CONCLUSIONS  FROM  EXPERIMENTAL  MAPS 

Time-area-depth  curves  were  drawn  for  each  of  the  experimental 
maps  constructed  by  methods  A,  B,  C,  and  D,  for  the  storm  of  October 
4-6,  1910.  There  were  four  distinct  but  approximately  parallel 
curves  for  the  storm  periods  of  2  and  3  days;  for  the  maximum  1-day 
period  the  maps  and  curves  constructed  by  methods  A  and  D  would 
have  been  identical  throughout,  hence  only  one  set  of  maps  and 
curves  was  drawn  for  this  period.  The  curves  by  methods  A,  B,  and  D 
for  the  maximum  2-day  and  3-day  periods  were  found  to  follow  each 
other  closely.  Similar  comparative  curves  were  drawn  from  the  A 
and  B  method  experimental  maps  of  the  storm  of  November  17-21, 
1906.  The  C  and  D  method  maps  and  curves  were  not  drawn  for 
this  storm.  The  A  and  B  method  curves  were  not  as  nearly  coincident 
as  for  the  storm  of  October  4-6,  1910. 

The  A  method  was  found  to  be  substantially  as  accurate,  and  much 
simpler  than  any  of  the  other  three.  It  was,  therefore,  the  method 
finally  adopted  for  use  in  constructing  maps  for  the  33  great  storms. 

The  B  method  was  found  impractical  except  where  the  1-day 
maximum  occurred  on  the  first  day  of  storm,  the  2-day  maximum  on 
the  first  and  second  days  of  storm,  the  3-day  maximum  on  the  first, 
second,  and  third  days  of  storm,  etc.,  without  making  arbitrary  adjust- 
ments of  the  records.  The  C  method  was  discarded  because,  having 
failed  to  compensate  for  inaccuracies  due  to  spUtting  storms  between 
days,  it  has  no  advantages  over  the  other  methods.  The  D  method 
was  discarded  because  of  the  great  amount  of  labor  involved,  and  the 
uncertainty  attendant  on  readjusting  the  morning  records.  In  fact, 
for  the  storm  of  October  4^6,  1910,  in  which  the  D  method  was  com- 
pared with  others,  the  curves  differ  by  no  great  amount  from  those 
drawn  by  the  A  and  B  methods. 

No  way  could  be  devised  to  allow  for  inaccuracies  due  to  the 
arbitrary  location  of  observing  stations,  except  to  place  more  de- 
pendence on  determinations  from  storms  where  a  great  many  station 
records  are  available  than  upon  those  where  few  are  available.  If 
isohyetals  for  each  day  could  be  drawn  and  the  separate  days  com- 
bined with  absolute  accuracy,  the  D  method  would  give  results  identi- 
cal with  the  B  method.  However,  owing  to  the  different  times  of 
taking  the  readings,  it  is  impossible  to  plot  a  map  which  represents 
acciu'ately  the  rainfall  over  a  large  area  for  any  given  exact  period  of 
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time.  This  inaccuracy  is  less  for  2  da3rs  than  for  1  day,  less  for  3  days 
than  for  2,  and  so  on.  Thus  in  using  the  D  method  two  maps  were 
combined,  the  inaccuracy  of  each  of  which  was  as  great  as  that  of  a 
single  map  platted  from  the  combined  figures  of  the  two  separate 
maps.  The  resulting  map  contains,  therefore,  not  only  the  errors  in 
its  two  components,  but  also  the  errors  in  making  the  combination. 
Errors  of  the  latter  kind  were  especially  introduced  when  contours  did 
not  definitely  intersect  but  lay  in  the  same  general  direction  with  a 
yar3dng  distance  between  them.  In  such  cases  it  was  difficult  to 
determine  where  to  establish  points  representing  their  sum.  Or,  a 
small  peak  on  one  map  might  lie  wholly  between  two  contours  on 
the  other  map,  and  it  was  debatable  which  of  these  to  add  to  the  peak. 
As  previously  stated,  after  weighing  the  advantages  and  dis- 
advantages of  each  of  the  four  methods,  method  A  was  adopted  for 
subsequent  use. 

CRITICISM  OF  USING  MAXIMUM  STORM  PERIODS 

In  passing,  attention  should  be  called  to  the  fact  that  one  of  the 
processes  in  the  time-area-depth  study  is  open  to  an  apparent  objec- 
tion. Reference  is  made  to  treating  separately  the  maximum  1-day 
period,  the  maximum  2-day  period,  etc.,  of  the  storm,  without  direct 
reference  to  the  precipitation  of  preceding  and  following  days  in  so 
far  as  this  might  affect  the  runoff  and  consequent  flood  damage  of  the 
maximum  period. 

The  disadvantages  to  which  this  method  of  treatment  gives  rise 
could  have  been  eliminated  in  the  following  manner:  Instead  of 
platting  a  separate  map  and  time-area-depth  curve  for  each  maximum 
period  of  the  storm,  a  separate  map  and  curve  might  have  been  con- 
structed for  the  first  day,  the  first  and  second  days,  the  first  to  the 
third  days,  inclusive,  the  first  to  the  fourth  da3rs,  and  the  first  to  the 
fifth  days  of  the  storm.  The  data  as  represented  by  the  time-area- 
depth  curves  would  then  be  in  a  form  inamediately  available  for  runoff 
computations. 

The  latter  method  has  the  further  advantage  of  tending  to  correct 
the  inaccuracies  previously  mentioned  under  classes  1  and  4,  and  offers 
the  same  facility  for  correcting  the  inaccuracy  of  class  2  as  does  the 
method  of  taking  maximum  periods.  The  inaccuracy,  class  1,  due  to 
arbitrary  location  of  observing  stations,  is  partially  corrected  by  hav- 
ing, for  periods  of  two  or  more  days,  the  principal  storm  features  of 
preceding  periods  as  a  guide.  Usually  the  first  day  of  an  extended 
storm  is  not  the  day  on  which  the  rainfall  is  a  maximum,  and  conse- 
quently the  error  introduced  by  the  arbitrary  location  of  the  stations 
is  not  of  great  importance.     Inaccuracies  of  class  4,  those  due  to 
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variations  in  time  of  observation,  could  be  partially  corrected  by  letting 
the  evening  records  control  the  lines  of  equal  rainfall  within  the  limits 
imposed  by  the  morning  records  of  the  following  day,  as  described  on 
page  219  for  the  experimental  maps  constructed  by  method  B. 

In  addition  to  the  above  advantages,  maps  for  consecutive  periods, 
beginning  with  the  first  day  of  the  storm,  would  show  the  cumulative 
depth  reached  on  successive  days,  and  the  direction  and  distance  of 
the  storm  movement.  This  information  can  be  ascertained  indirectly, 
of  course,  from  the  maps  and  curves  as  published. 

These  objections  are  not  serious,  however,  and  are  outweighed  by 
the  advantage  of  having  the  maximum  storm  periods  the  most  promi- 
nent feature  of  the  results,  and  the  most  directly  available.  This  is 
especially  helpful  when  dealing  with  small  drainage  areas,  where  the 
runoflp  collects  quickly,  and  would  approximate  100  per  cent  for  the 
maximum  day. 

ERRORS  DUE  TO  PERSONAL  EQUATION 

In  platting  the  isohyetal  lines,  cases  often  occur  in  which  either 
one  of  two  or  more  courses  appears  to  be  correct  so  far  as  the  available 
data  indicates.  The  location  chosen  depends  solely  upon  the  judg- 
ment of  the  one  doing  the  platting  and  may  be  largely  a  matter  of 
accident.  In  order  to  test  the  magnitude  of  this  personal  equation 
effect,  three  maps  were  platted  from  the  same  data  by  different  indi- 
viduals. The  storm  of  October  20-24,  1908,  selected  for  this  trial, 
shown  in  figures  76  to  80,  was  one  in  which  the  chance  for  personal 
variation  was  not  so  great  as  in  some  of  the  others;  yet  the  discre- 
pancy from  this  source  was  found  to  be  considerable.  The  maps  were 
drawn  for  the  total  storm  rainfall.  The  relative  variation  in  the  small 
areas  around  the  peak  was  large,  as  may  be  seen  from  the  following 
table: 

iBohyetal  Area  in  Square  Miles  Obtained  by  Three  Different  Persona 

15  inch 161  65  68 

14  "    479  424  301 

13  "   1110  958  780 

12  "    2220  2190  1370 

11  "    4600  4060  2520 

10  "    6630  5900  4890 

9  "    8870  8210  7800 

8  "    12730  13460  12170 

7  "    21560  23000  21880 

6  "    36660  32010  31710 

The  proportional  variation  is  much  the  greatest  for  the  smallest 
areas,  as  might  be  expected,  since  the  peak  is  dependent  usually  upon 
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a  single  maximum  record.  This  might  be  indicated  in  general  terms 
by  the  statement  that  any  isohyetal  which  does  not  enclose  at  least 
three  rainfall  records  is  of  only  approximate  utility.  The  greater  the 
area  enclosed  by  an  isohyetal,  the  greater  will  be  the  number  of  stations 
enclosed  within  it,  and  the  smaller  will  be  the  percentage  of  probable 
error  in  drawing  the  isohyetal. 

ASSEMBLING,  COMPUTING,  AND  PLATTING  DATA  FOR 

TIME-AREA-DEPTH    CURVES 

As  previously  stated,  a  map  was  drawn  for  each  period  of  maximum 
precipitation  in  each  of  the  storms.  The  number  of  maps  required 
for  a  single  storm  varies  from  one  to  five,  depending  on  the  number 
of  days  the  storm  lasted.  Since  each  of  these  maps  shows  the  depth 
and  area  of  precipitation  for  a  definite  period  of  time,  we  have  the 
three  interdependent  factors,  time,  area,  and  depth,  in  a  definite 
measurable  form.  The  data  in  this  form,  however,  is  not  easily 
accessible  for  direct  use,  or  for  comparison  with  similar  data  for  other 
storms  and  other  periods  of  the  same  storm. 

The  best  method  which  could  be  devised  for  combining  the  three 
factors,  time,  area,  and  depth,  in  such  a  manner  as  to  make  them 
comparable  for  different  storms,  and  for  different  periods  of  the  same 
storm,  is  to  plat  the  data  in  the  form  of  curves.  The  data  for  an 
entire  storm  is  a  group  of  curves,  each  of  which  gives  the  time-area- 
depth  relations  for  one  maximum  period  of  the  storm.  Thus  there  is  a 
curve  for  each  map.  All  the  curves  for  one  storm  are  not  presented 
together,  however,  as  it  is  desirable  for  comparative  piu'poses  and  for 
convenience  in  publication  to  have  on  the  same  chart  a  number  of 
curves  taken  from  different  storms  for  the  .same  duration  of  maximum 
rainfall.    These  curves  are  shown  in  figiu'es  94  to  103. 

Since  there  is  a  curve  corresponding  to  each  map,  for  a  definite 
period  of  maximum  precipitation,  the  element  of  time  remains  a 
fixed  quantity  for  one  curve.  The  varying  factor  of  area  is  platted 
as  abscissas,  and  the  corresponding  average  depths  as  ordinates  to 
the  curve. 

The  steps  necessary  to  take  these  quantities,  area  and  average 
depth,  from  a  given  map  and  prepare  them  for  platting  involved  a 
considerable  amount  of  work.  Table  8  gives  the  computations  for 
the  maximum  3-day  period  of  the  storm  of  July  14-16,  1916,  a  map 
of  which  is  shown  in  figure  105.  For  convenience  in  reference  a  capital 
letter  is  placed  at  each  center  of  precipitation.  These,  and  the  order 
of  combining  them,  are  shown  in  column  1  of  table  8.  Beginning  at 
the  greatest  center  of  precipitation,  the  isohyetals  are  planimetered. 
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and  the  area  in  square  inches  enclosed  is  set  opposite  each.  This 
process  is  continued  at  the  principal  center  until  the  last  isohyetal  is 
reached  which  encloses  that  center  alone.  Before  planimetering  and 
listing  the  area  enclosed  by  the  next  lower  isohyetal,  the  one  or  more 
additional  centers  enclosed  by  it  are  treated  in  the  same  manner  as 
the  principal  center.  The  same  process  is  continued  until  the  2-inch 
isohyetal  is  reached.  The  isohyetals  and  the  area  in  square  inches 
enclosed  by  each  are  shown  in  coliunns  2  and  3  of  table  8. 

The  computations  for  determining  the  average  depth  over  the 
area  enclosed  by  each  isohyetal  are  simple,  the  average  depth  of 
precipitation  over  the  area  between  any  two  isohyetals,  named  in 
column  5,  being  considered  equal  to  their  arithmetical  mean.  These 
average  depths  are  given  in  column  6.  The  area  in  square  inches  en- 
closed by  each  isohyetal,  column  3,  is  reduced  to  square  miles  and 
placed  in  column  4.  C!olumn  7  shows  the  area  between  isohyetals, 
obtained  by  subtracting  from  the  area  enclosed  by  each  isohyetal  that 
enclosed  by  the  next  higher.  The  average  depth  of  precipitation  over 
this  interspace  is  given  in  column  6,  and  in  colunm  8  the  volume 
in  inch-miles  obtained  by  taking  the  product  of  the  quantities  in 
columns  6  and  7.  The  total  volume  of  precipitation  in  inch-miles 
enclosed  by  each  isohyetal,  as  shown  in  column  9,  is  the  sum  of  the 
quantity  in  column  8  and  the  total  in  column  9  for  the  next  higher 
isohyetal.  The  average  depth  of  precipitation  in  inches  over  the  en- 
tire area  enclosed  by  any  isohyetal  is,  of  course,  the  quotient  obtained 
by  dividing  the  quantity  in  column  9  by  that  in  column  4.  This  is 
given  in  column  10. 

In  the  appendix  of  this  volume  are  given  in  tabular  form  the 
essential  time-area-depth  quantities  for  the  purpose  of  checking  or 
recomputing  the  computations,  or  for  reproducing  the  curves  on  a 
larger  scale,  if  it  is  desired  to  group  them  differently  for  comparative 
purposes. 

The  curve  for  the  maximum  1-day  period  of  storm  157,  July  14- 
16,  1916,  is  a  good  example  of  certain  peculiarities  met  in  platting  the 
curves  for  several  other  storms.  For  that  reason  it  is  shown  alone  in 
figure  106.  There  were  three  distinct  1-day  rainfall  peaks  of  widely 
differing  characteristics.  Two  of  these  occurred  on  July  15,  one  each 
in  North  and  South  Carolina,  and  the  third  occurred  on  July  16  in 
North  Carolina  over  an  area  differing  slightly  from  that  covered 
by  the  peak  of  the  preceding  day.  For  areas  up  to  500  square  miles, 
the  greatest  average  depths  of  precipitation  for  a  24-hour  period 
occurred  in  the  North  Carolina  center  on  July  16;  for  areas  from  500 
to  3,000  square  miles,  in  South  Carolina  on  July  15;  and  for  areas 
greater  than  3,000  square  miles  in  North  Carolina  on  July  15. 
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Table  8. — ^Fonn  of  Time-Area-Depth  Comptttfttions,  Stonn  of  July  14-16,  1916. 

Maximum  3-day  Period,  July  14-16 
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2,460 

20.5 

18 

0.16 

210 

19-18 

18.6 

90 

1,660 

4,120 

19.6 

17 

0.32 

440 

18-17 

17.5 

230 

4,020 

8,140 

18.5 

16 

0.60 

820 

17-16 

16.5 

380 

6,270 

14,410 

17.6 

15 

0.84 

1,150 

16-16 

16.6 

330 

6,120 

19,630 

17.0 

14 

1.07 

1,460 

16-14 

14.5 

310 

4,600 

24,030 

16.5 

13 

1.34 

1,840 

14-13 

13.6 

380 

6,130 

29,160 

15.8 

12 

1.69 

2,310 

13-12 

12.6 

470 

6,870 

36,030 

15.2 

B 

16 

0.03 

41 

16,4-16 

16.7 

41 

640 

640 

15.7 

14 

0.09 

120 

16-14 

14.6 

79 

1,150 

1,790 

14.9 

13 

0.19 

260 

14-13 

13.6 

140 

1,890 

3,680 

14.2 

12 

0.32 

440 

13-12 

12.6 

180 

2,260 

6,930 

13.5 

AB 

11 

2.87 

3,930 

12-11 

11.6 

1,180 

13,600 

54,560 

13.9 

10 

4.10 

5,610 

11-10 

10.5 

1,680 

17,600 

72,160 

12.9 

9 

4.77 

6,530 

10-  9 

9.5 

920 

8,740 

80,900 

12.4 

8 

6.64 

7,720 

9-  8 

8.5 

1,190 

10,100 

91,000 

11.8 

7 

6.64 

8,960 

8-  7 

7.6 

1,240 

9,300 

100,300 

11.2 

6 

7.57 

10,400 

7-6 

6.5 

1,440 

9,360 

109,660 

10.6 

6 

8.86 

12,100 

6-6 

6.5 

1,700 

9,360 

119,010 

9.8 

C 

16 

0.08 

110 

16.8-16 

16.4 

110 

1,800 

1,800 

16.4 

16 

0.26 

360 

16-15 

15.6 

260 

3,880 

6,680 

15.8 

14 

0.65 

750 

16-14 

14.6 

390 

6,GG0 

11,340 

15.1 

13 

0.94 

1,290 

14-13 

13.5 

640 

7,290 

18,630 

14.4 

12 

1.31 

1,790 

13-12 

12.5 

600 

6,260 

24,880 

13.9 

11 

1.97 

2,700 

12-11 

11.5 

910 

10,600 

35,380 

13.1 

10 

2.73 

3,740 

11-10 

10.5 

1,040 

10,900 

46,280 

12,4 

9 

3.85 

5,270 

10-  9 

9.6 

1,630 

14,600 

60,780 

11.5 

8 

4.90 

6,710 

9-  8 

8.6 

1,440 

12,200 

72,980 

10.9 

7 

6.33 

8,660 

8-  7 

7.6 

1,960 

14,600 

87,580 

10.1 

6 

8.65 

11,800 

7-  6 

6.5 

3,140 

20,400 

107,980 

9.2 

6 

12.00 

16,400 

6-  6 

6.6 

4,600 

26,300 

133,280 

8.1 

ABC 

4 

26.02 

35,600 

6-  4 

4.5 

7,100 

32,000 

284,290 

8.0 

D 

7 

0.035 

48 

7.6-7 

7.3 

48 

350 

350 

7.3 

6 

0.26 

340 

7-6 

6.5 

292 

1,900 

2,250 

6.6 

6 

0.64 

880 

6-  6 

6.6 

640 

2,970 

5,220 

6.9 

4 

1.25 

1,710 

6-  4 

4.6 

830 

3,740 

8,960 

5.2 

AtoD 

3 

33.21 

45,600 

4-  3 

3.6 

8,190 

28,700 

321,950 

7.1 

2 

42.72 

68,600 

3-  2 

2.6 

13,000 

32,600 

354,450 

6,1 

Note. — ^Blackfaced  figures  show  maximuTn  precipitation  at  rainfall  centers. 

It  is  probable  that  each  curve  would  suffer  some  modification  if  it 
were  possible  to  free  the  rainfall  observations  from  the  errors  ansiog 
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from  arbitrary  division  of  time  commented  on  elsewhere  in  this 
chapter.  For  instance,  the  maximum  24-hour  record  at  Altapass, 
North  Carohna,  was  22.22  inches  between  2  p.  m.  of  July  15  and 
2  p.  m.  of  July  16.  But  the  time-area-depth  curve  for  July  16  shows  a 
maximum,  nearly  3  inches  smaller,  although  Altapass  was  the  center 
of  that  storm  peak.  This  is  due  to  the  fact  that  the  maximum  1-day 
rainfall  at  Altapass,  based  on  regular  evening  readings,  is  19.32  inches 
for  July  16,  and  this,  therefore,  became  the  upper  limit  of  the  curve. 
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Storm  Area  in  Thousands  of  Square  Miles 

FIG.  106.— TIME-AREA-DEPTH  CURVES  FOR  STORM  OF 

JULY  14-17,  1916. 

This  storm  occurred  over  the  Carolinas.  The  curves  show  the  greatest  average 
depth  of  rainfaU  during  the  maximum  1-day  period. 

To  what  extent  the  remainder  of  the  curve  is  subject  to  errors  from 
this  source  can  not  be  ascertained,  because  of  lack  of  data.  The 
indications  are  that,  as  the  area  increases,  the  averages  obtained 
from  the  increased  niunber  of  station  records  tends  to  decrease  such 
errors. 

An  examination  of  the  three  curves  referred  to  shows  that  no 
single  curve  furnishes  a  complete  answer.  The  ciurve  adopted  for 
the  maximum  1-day  period,  and  shown  in  the  group  curves,  is  the 
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envelope  of  these  three  curves.  In  the  group  curves,  where  cases  of 
this  kind  occur,  and  the  angle  between  the  two  curves  at  the  point 
of  intersection  is  sharp,  no  attempt  is  made  to  join  them  in  a  smooth 
curve. 

A  different  kind  of  break  in  the  curves  is  occasionally  caused  by  a 
very  great  increase  in  the  area  without  a  corresponding  reduction  in 
average  depth  of  rainfall.  This  occurs  at  the  point  where  the  base 
of  the  greatest  storm  peak  joins  the  main  body  of  the  storm.  The 
curve  for  storm  10,  figure  95,  is  a  good  example  of  such  a  break.  The 
6-inch  isohyetal,  enclosing  an  area  of  1020  square  miles  over  which 
there  was  an  average  rainfall  of  7.2  inches,  is  the  lowest  which  encloses 
center  A  alone.  The  5-inch  isohyetal,  enclosing  an  area  of  7460 
square  miles,  over  which  there  was  an  average  depth  of  rainfall  of  6.2 
inches,  includes  centers  A  to  E.  Any  curved  line  between  these  two 
points  is  misleading,  hence  they  are  connected  by  a  straight  dotted 
line. 

The  limitations  inherent  in  rainfall  data,  as  described  in  the  pre- 
ceding pages,  together  with  the  manner  of  compiling  the  time-area- 
depth  curves,  cause  the  latter  to  indicate  depths  of  rainfall  slightly 
less  than  the  actual.  This  is  true  especially  of  intense  rains  occurring 
over  small  areas,  as  illustrated  in  the  case  of  the  July  1916  storm  over 
the  Carolinas,  but  is  not  so  material  in  storms  which  have  a  gradual 
and  even  distribution  as  for  instance  the  March  1913  storm  in  Ohio. 

Continuing  this  line  of  reasoning,  it  follows  that  errors  of  this 
kind  are  to  be  looked  for  principally  in  the  upper  portions  of  the 
time-area-depth  curves,  while  the  lower  portions  would  be  Uttle 
affected.  Since  the  former  relate  to  comparatively  small  areas  of 
minor  interest  in  connection  with  flood  control  problems,  such  in- 
accuracies are  of  Uttle  moment. 

DEGREE  OF  ACCURACY  ATTAINED 

The  character  of  the  operations  in  each  step  was  allowed  to  govern 
the  extent  of  detail  with  which  they  were  checked  for  accuracy. 
Assembling  the  data  for  platting  the  maps  consisted  in  listing  the 
stations  in  the  storm  area,  and  placing  opposite  each  the  amount  of 
rainfall  recorded  on  the  several  days  of  the  storm.  When  ordinary 
care  is  exercised  but  few  errors  will  occur,  and  each  of  these  will  affect 
only  the  record  at  one  station  for  one  day  of  the  storm.  This  would, 
in  general,  have  a  negligible  influence  on  the  final  maps  and  curves. 
For  these  reasons  it  was  not  considered  necessary  or  advisable  to  check 
the  data  completely,  as  this  would  have  required  an  additional  amount 
of  time  equal  to  about  half  of  that  consumed  in  compiling  the  data. 
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The  second  step,  that  of  determining  the  maximum  consecutive 
periods  of  the  storm,  can  be  sufficiently  checked  by  inspection,  and 
this  was  done.  It  was  very  important  that  the  stations  be  accurately 
located  on  the  outline  map  used  in  mapping  the  storms,  as  the  mis- 
location  of  a  single  station  would  introduce  an  error,  perhaps  a  serious 
one,  into  all  the  storm  maps  on  which  that  station  occurred.  The 
maps  described  on  page  214  were  used,  and  as  is  there  stated,  the 
location  of  each  station  was  carefully  checked  to  insure  its  accuracy. 
After  platting  the  figures  showing  the  amount  of  rainfall  at  each 
station,  these  were  not  checked  individually,  as  an  error  of  location 
or  amount  could  affect  only  the  one  map,  and  any  serious  error  of 
this  character  could  be  found  by  comparing  the  several  maps  of  the 
same  storm.  This  comparative  check  was  performed  for  the  purpose 
just  mentioned  and  to  check  the  proper  location  of  the  isohyetal  lines. 
The  proper  scaling  of  the  maps  was  assured  by  planimetering  an  area, 
reading  the  result  and  then  scaling  the  same  area  again  without  setting 
the  instrument  at  zero.  The  second  reading  corresponds  to  twice  the 
area  scaled,  and  if  half  the  second  reading  differs  materially  from  the 
first  another  trial  is  made. 

Each  operation  in  making  the  computations  and  platting  the  time- 
area-depth  curves  was  individually  checked.  The  areas  in  square 
miles,  in  columns  4  and  9,  table  8,  and  the  volume  of  rainfall  in  inch- 
miles  in  column  8,  are  computed  to  2  significant  places  up  to  1000, 
and  to  3  significant  figures  beyond  that  point.  The  resulting  average 
depth  of  rainfall  in  column  10  is  computed  to  the  nearest  tenth  of  an 
inch. 


CHAPTER  X.— VARIATION  IN  MEAN  ANNUAL 
RAINFALL  OVER  EASTERN  UNITED 

STATES 

One  of  the  chief  benefits  which  may  come  from  the  study  of  past 
meteorological  events  is  the  ability  to'  apply  the  knowledge  so  gained 
in  forecasting  future  conditions.  This  forecasting  cannot  be  done 
intelligently  unless  proper  allowance  is  made  for  the  chance  variations 
which  may  occur,  and  for  regular  periodic  or  progressive  changes,  if 
there  are  such.  For  this  reason,  studies  have  been  made  of  the  vari- 
ations in  monthly  and  annual  rainfall  over  certain  areas  for  the  years 
1888  to  1916.  The  amount  of  data  collected  prior  to  1888  is  not 
sufficient  to  warrant  its  use  in  these  investigations.  Studies  were 
made,  first  for  a  comparatively  large  area  including  the  entire  portion 
of  the  United  States  east  of  the  103d  meridian,  together  with  the  parts 
of  North  and  South  Dakota,  Nebraska,  and  Texas  that  lie  west  of  this 
meridian;  and  second,  for  a  comparatively  small  interior  area  com- 
prising the  states  of  Illinois,  Indiana,  Ohio,  Kentucky,  and  West 
Virginia.  The  larger  area  covers  1,837,500  square  miles  and  the 
smaller  one,  198,900  square  miles. 

DATA  USED 

The  investigation  of  storm  rainfall,  described  in  the  preceding 
chapters,  is  confined  to  a  study  of  excessive  precipitation  at  single 
stations,  or  of  storms  equal  to  or  exceeding  a  well  defined  minimum. 
However,  to  determine  the  maximum  amount  of  variation  which  may 
be  expected  and  to  ascertain  if  there  is  any  evidence  of  cycUc  and 
progressive  changes,  it  was  necessary  to  consider  additional  data. 
The  following  material  was  utilized  in  the  studies  described  in  this 
chapter. 

1.  All  precipitation  records  in  the  United  States  east  of  the  103d 
meridian  made  during  the  29-year  period  1888-1916. 

2.  Records  of  the  160  storms,  discussed  in  the  preceding  chapters, 
which  occurred  over  the  same  area  during  the  25-year  period  1892- 
1916. 

3.  The  records  of  excessive  precipitation  over  the  same  area,  during 
the  44-year  period  1871-1914. 

The  records  of  the  160  storms,  and  excessive  precipitation  records 
for  the  years  subsequent  to  1888  are,  of  course,  included  in  the  total 
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precipitation  record  referred  to  in  1.  The  object  of  using  them 
separately,  as  previously  stated,  is  to  determine  the  effect  of  storms 
and  of  excessive  precipitation  in  producing  the  annual  variations  of  the 
total  rainfall. 

RESXJLTS  OF  STUDY 

It  seems  reasonable  to  suppose  that  by  averaging  the  annual  rain- 
fall over  that  portion  of  the  United  States  east  of  the  103d  meridian, 
local  or  sectional  variations  such  as  might  exist  for  the  smaller  area 
would  in  a  large  measure  be  compensated,  and  the  resulting  annual 
totals  would  show  but  little  variation  from  year  to  year.  Essentially 
this  was  found,  except  that  the  variations  for  the  larger  area  were 
slightly  larger  than  had  been  anticipated. 

Figure  107  shows  the  average  rainfall  over  the  larger  area  for  each 
month  and  year  of  the  29-year  period  considered,  while  figure  108 
shows  similar  quantities  for  the  smaller  area.  The  small  diagram 
included  within  each  figure  shows  the  average  monthly  rainfall  ob- 
tained by  averaging  the  29  values  for  each  month.  These  quantities 
together  with  corresponding  quantities  for  the  Dayton  cooperative 
station  and  for  the  state  of  Ohio  are  given  in  table  9.  They  show  that 
on  the  average  the  rainfall  is  considerably  greater  during  the  summer 
than  it  is  during  the  winter. 

Table  9.— Average  Monthly  Rainfall  on  Four  Different  Areas  for  the  Period  1888 

to  1916 


Montb 

Dayton 

OUo 

•5  Interior  states 

Eastern  U.  S. 

JanuATy. 

3.41 
2.65 
3.83 
2.98 
3.69 
3.89 
3.26 
3.19 
2.85 
2.62 
2.84 
2.62 

3.18 
2.69 
3.55 
3.02 
3.71 
3.83 
3.94 
3.29 
2.78 
2.51 
2.67 
2.71 

3.30 
2.80 
3.74 
3.39 
4.01 
4.03 
3.96 
3.46 
3.04 
2.44 
2.91 
2.83 

2.42 
2.48 
2.90 
3.09 
3.87 
4.02 
3.98 
3.69 
3.19 
2.50 
2.26 
2.44 

February 

March 

April 

May 

June 

July 

■r***./  ■  • 

Aumist 

September 

October 

November 

December 

Mean  Annual 

37.83 
3.15 

37.88 
3.16 

39.91 
3.33 

36.85 
3.07 

Mean  Monthly 

The  values  of  average  rainfall  shown  in  figures  107  and  108  were 
obtained  in  the  following  manner.  From  the  Weather  Bureau  publi- 
cations entitled  Climatological  Data  and  Monthly  Weather  Review 
there  was  obtained  for  each  year  of  the  period  1888-1916  inclusive, 

♦  Illinois,  Indiana,  Ohio,  Kentucky,  and  West  Virginia. 


MIAMI  CONSERVANCY  DISTRICT 


Is 


STORM  RAINFALL  OF  EASTERN  UNITED  STATES 


ii 

3i 


234  MIAMI  CONSERVANCY  DISTRICT 

the  average  monthly  rainfall  for  each  state.  By  taking  as  weights 
the  area  of  each  state  in  square  miles^  it  was  possible  to  compute  the 
average  depth  of  rainfall  for  a  given  month  over  any  desired  section 
of  the  United  States  by  adding  the  weighted  means  in  inch-miles  for 
all  the  states  within  such  section,  and  dividing  the  sum  by  the  ag- 
gregate area  of  the  section  in  square  miles.  The  total  rainfall  each 
year  for  the  section  was  then  obtained  by  adding  the  averages,  so 
computed,  for  the  twelve  calendar  months. 

Figures  107  and  108  show  that  the  variations  in  annual  rainfall 
for  the  larger  area  are  approximately  two-thirds  as  great  as  those  for 
the  smaller  area.  The  average  yearly  departure  from  the  mean 
annual  rainfall  for  the  two  areas  studied,  and  also  for  Dayton  and 
for  Ohio,  for  the  period  considered,  was  found  to  be  as  follows: 

Dayton 13.86  per  cent 

Ohio 9.08  "      " 

Five  interior  states 8.27   "      " 

Eastern  United  States 6.84  "      " 

This  indicates,  as  seems  reasonable,  that  the  larger  the  area  con- 
sidered the  smaller  is  the  variation  in  total  annual  precipitation  over 
that  area. 

Figures  107  and  108  possess  many  features  in  conmion.  Com- 
paring them  year  by  year,  the  two  diagrams  agree  in  72  per  cent  of 
the  cases  as  to  annual  totals  being  greater  or  less  than  the  mean  annual 
rainfall.  The  great  period  of  drouth  which  occurred  in  1894  and 
1895  is  represented  in  figure  107  by  deficiencies  of  5i  and  4 J  inches, 
and  in  figure  108  by  deficiencies  of  8  and  7i  inches,  respectively. 

In  a  few  instances  there  are  marked  discrepancies  between  the 
two  diagrams,  which  must  be  attributed  to  decided  differences  in 
precipitation  over  large  areas.  Thus,  for  the  year  1900,  the  rainfall 
over  the  eastern  half  of  the  United  States  averaged  3}  inches  in  excess 
of  the  29-year  mean,  as  against  a  deficiency  of  2}  inches  for  the  smaller 
area.  In  1909  the  smaller  area  averaged  an  excess  of  5}  inches  while 
the  rainfall  over  the  larger  area  averaged  normal.  The  greatest 
excess  shown  in  figure  108  is  9^  inches  for  1890,  as  against  only  2  inches 
for  the  same  year  in  figure  107.  In  making  these  comparisons  it 
should,  of  course,  be  borne  in  mind  that  the  fluctuations  for  the 
larger  area  tend  to  be  less  than  for  the  smaller  area,  the  former  having 
not  only  a  smaller  mean  annual  rainfall,  but  also  the  greater  tendency 
for  compensating  extreme  local  variations. 

A  striking  feature  of  both  diagrams  is  the  absence  of  any  evidence 
as  to  cyclic  or  progressive  variation.  Although  it  may  be  argued 
that  the  29-year  period  is  too  short  to  furnish  conclusive  evidence 
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regarding  this  matter,  it  seems  reasonable  to  suppose  that  if  any 
important  cyclic  variation  does  exist  some  indications,  at  least,  would 
be  present  in  one  or  both  of  these  diagrams. 

In  order  to  show  graphically  the  extent  of  the  departure  of  the 
maximum  rainfall  from  the  mean  for  different  continuous  periods, 
four  diagrams  were  constructed,  figures  109  to  112.  The  first  two 
figures  apply  to  the  larger  area;  the  latter  two,  to  the  smaller  area. 
Figure  109  shows  the  maximum  departure  in  inches  from  the  monthly 
means  for  continuous  periods  varying  in  length  from  1  to  6  months. 
Thus  the  greatest  excess  of  precipitation  for  any  month  during  the 
29  years  over  the  mean  for  that  month,  was  in  February,  1903,  when 
the  average  over  the  37  states  was  4.30  inches,  an  excess  of  1.82  inches. 
The  maximum  deficiency  for  any  one  month  was  in  March,  1910, 
when  the  average  precipitation  over  37  states  was  1.99  inches  below 
the  mean.  In  the  upper  portion  of  the  diagram,  the  monthly  pre- 
cipitation for  the  6  months,  January  to  June,  1911,  shows  an  average 

« 

monthly  deficiency  of  only  0.68  inch  below  the  29-year  means  for 
those  months.  Similarly,  the  6-month  period,  September,  1902,  to 
February,  1903,  has  an  average  monthly  excess  of  0.81  inch  over  the 
means  for  the  period. 

An  inspection  of  the  chart  shows  that  the  principal  excesses  and 
deficiencies  generally  occur  during  the  spring  and  early  summer 
months,  illustrating  a  tendency  for  the  depth  of  rainfall  to  be  more 
erratic  during  these  months  than  at  other  times  of  the  year. 

The  second  diagram,  figure  110,  shows  the  maximum  variation  for 
continuous  periods  of  1,  2,  3,  4,  8,  12,  16,  20,  24,  and  28  years,  re- 
spectively, from  the  29-year  mean.  The  departures  are  expressed  as 
percentages  of  the  29-year  mean. 

Figures  111  and  112  are  similar  to  figures  109  and  110.  Figure  111 
shows  that  the  maximum  departures  from  the  normal  rainfall  also 
occur  during  the  spring  and  early  summer  months  in  the  case  of  the 
smaller  area.  In  practically  all  cases  the  actual  values  of  the  de- 
partures are  seen  to  be  considerably  greater  for  the  smaller  area  than 
for  the  larger  area,  as  would  be  expected. 

EFFECT  OF  STORMS  AND  EXCESSIVE  PRECIPITATION 

It  is  conceivable  that  the  variations  in  the  number  of  great  storms 
occurring  each  year  might  be  responsible  for  a  large  part  of  the  fluctu- 
ations in  the  total  annual  rainfall.  With  this  in  mind  table  10  was 
prepared,  showing  the  chronological  distribution  of  the  160  storms 
previously  discussed.  Table  2  is  analogous,  showing  the  chronological 
distribution  of  rainfalls  in  which  there  were  one  or  more  records  of 
excessive  precipitation.    A  comparison  of  these  two  tables  with  the 
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chart  showing  the  total  annual  rainfall  in  the  eastern  United  States, 
figure  107,  indicates  that  the  number  of  large  storms  and  the  amount 
of  excessive  precipitation  occurring  each  year  have  a  decided  influence 
on  the  amount  of  annual  rainfall. 


Table  10. — Number  of  Great  Northern  and  Southern  Storms  occurring  each  year, 
and  the  Yearly  Departure  from  Normal,  during  the  2S-year  period  1892-1916 


Yew 

Southern  Btormi 

Nortbem  Storma 

Total 

Departure  from 
Normal 

1892 

3 
3 
4 
0 
6 
4 
8 
6 
6 
7 
6 
4 
2 
3 
6 
4 
6 
3 
2 
4 
6 
6 
7 
6 
6 

0 
1 
2 
2 
2 
3 
3 
0 
2 
0 
3 
3 
2 
4 
1 
2 
0 
3 
2 
1 
2 
3 
2 
3 
1 

3 

4 
6 
2 
7 
7 
11 
6 
8 
7 
9 
7 
4 
7 
6 
6 
6 
6 
4 
6 
8 
8 
9 
8 
7 

-2 

-1 
0 

-3 
0 
0 

+  4 
0 

+  1 
0 

+  2 
0 

-1 
0 
0 
0 
0 
0 

- 1 

0 

+  1 
+  1 

+  2 

+  1 
0 

i93 

1  *"' 

94 

96 

96 

97 

98 

99 

1900 

01 

02 

03 

04 

06 

06 

07 

08 

09 

11 

12 

13 

14 

16 

16 

TotAl 

113 

47 

160 

Since  160  storms  occurred  in  the  25  years,  1892-1916,  the  average 
number  each  year  is  about  6.  On  account  of  unavoidable  ine:cactne^ 
of  the  data,  let  us  assume  that  any  year  is  normal  in  which  5,  6,  or  7 
storms  occurred.  The  storms  are  listed  by  years  in  table  10.  This 
table  shows  the  number  of  storms  in  the  northern  and  southern 
groups,  and  the  departure  from  the  normal  for  each  year.  A  com- 
parison of  this  annual  departure,  with  the  departure  of  the  annual 
rainfall  for  the  same  area,  figure  107,  year  for  year,  shows  the  influence 
of  storms  in  causing  the  variation  of  the  total  rainfall.  It  has  already 
been  pointed  out  that  this  variation  from  the  29-year  mean  over  the 
eastern  part  of  the  United  States  is  quite  small  except  for  two  or  three 
years.  The  same  thing  is  true  of  the  variation  in  number  of  storms. 
The  excess  and  deficiency,  respectively,  in  the  annual  rainfall  and  in 
the  annual  number  of  storms,  generally  occur  in  the  same  year.    The 
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years  of  maximum  departure,  however,  do  not  occur  simultaneously 
in  the  two  sets  of  data.  The  years  1892  and  1895  are  minima  for 
storms;  the  total  precipitation  for  the  former  is  above  normal,  and 
for  the  latter  it  is  third  from  the  minimum.  The  year  1898,  though 
having  the  maximum  number  of  storms,  is  but  little  above  normal  in 
total  rainfall,  while  the  year  1905,  though  being  a  maximum  for  total 
precipitation,  has  a  normal  number  of  storms,  and  1910,  the  year  of 
minimum  total  rainfall,  has  a  deficiency  of  only  one  storm. 

It  is  clear  from  this,  as  might  be  expected,  that  the  storm  rainfall 
and  the  nonnstorm  rainfall  vary,  each  independently  of  the  other. 
Sometimes  the  two  departures  are  in  opposite  directions  and  tend  to 
compensate,  producing  normal  total  precipitation;  and  sometimes 
they  are  in  the  same  direction,  producing  a  greater  total  departure. 
Although  the  non-storm  precipitation  has  not  been  isolated  and 
studied  separately,  its  annual  variation  apparently  is  less  than  that 
of  the  storm  rainfall,  since  the  latter  stamps  its  principal  features  on 
the  variation  of  the  total  rainfall. 

This  relation  between  storm  and  non-storm  precipitation  could  be 
determined  much  more  accurately  if  maps  and  time-area-depth  curves 
were  made  for  all  the  storms.  From  the  curves,  the  total  inch-miles 
of  water  in  each  storm  could  be  determined,  and  thus  the  proportion 
of  storm  rainfall  to  total  rainfall,  and  the  annual  variation  of  each, 
could  be  found  quite  accurately.  This  process,  however,  would 
involve  a  much  greater  amount  of  work  than  the  results  would  prob- 
ably warrant. 

Figure  113  gives  a  clear  idea  of  the  sequence  of  the  160  storms  we 
are  discussing.  This  shows  the  47  storms  in  the  northern  group,  and 
the  113  storms  in  the  southern  group,  arranged  chronologically.  The 
date  of  occurrence,  and  the  greatest,  fifth,  tenth,  and  twentieth 
greatest  3-day  rainfall  records  are  shown  graphically.  The  storms 
are  numbered  so  that  they  may  be  identified  by  consulting  tables 
4  and  5. 

Perhaps  the  most  noticeable  fact  brought  out  by  this  chart  is  the 
manner  in  which  the  storms  in  one  group  supplement  those  in  the  other. 
For  instance,  during  years  in  which  the  storm  rainfall  was  definitely 
below  normal  in  the  north,  the  number  of  storms  occurring  in  the  south 
was  either  normal  or  above  normal.  Conversely,  during  years  in 
which  the  number  of  northern  storms  was  greater  than  normal,  the 
storm  rainfall  in  the  south  was  either  normal  or  deficient.  This  tends 
to  confirm  the  conclusion  reached  from  a  study  of  figures  107  and  108; 
namely,  that  there  is  no  cyclic  or  progressive  variation  in  rainfall. 

The  evidence  of  the  records  of  excessive  precipitation  supplements 
that  of  the  160  large  storms.    Table  2,  page  77,  gives  the  number  of 
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rainfalls  recorded  in  the  United  States  east  of  the  103d  meridian 
causing  excessive  precipitation  at  1  station,  at  2  to  5  stations,  and  at  6 
or  more  stations,  in  each  year  from  1871  to  1914,  inclusive.  On 
account  of  the  lesser  limits  chosen  for  these  rainfalls  they  are  much 
more  numerous  than  the  storms  just  described.  It  is  instructive  to 
compare  the  number  of  such  rainfalls  with  the  total  annual  rainfall, 
year  for  year,  in  the  same  manner  in  which  the  storms  and  the  total 
annual  rainfall  were  compared.  Since  these  numerous  rainfalls  repre- 
sent a  much  larger  percentage  of  the  total  annual  precipitation  than 
do  the  160  great  storms,  it  is  natural  that  they  should  vary  in  number 
from  year  to  year  much  in  the  same  manner  as  does  the  total  precipi- 
tation. This  they  do,  as  may  be  seen  by  comparing  column  5  of 
table  2,  with  figure  107. 

There  is  as  little  evidence  of  cyclic  variation  or  permanent  change 
in  the  amount  of  annual  rainfall  to  be  found  in  records  of  excessive 
precipitation,  as  in  the  records  of  storms  and  of  total  precipitation. 


CHAPTER  XI.— EUROPEAN  STORM  RAINFALL 

At  about  the  time  the  investigation  of  storm  conditions  in  the 
eastern  United  States  was  begun,  an  examination  of  the  most  pertinent 
and  easily  available  French  and  German  rainfall  and  storm  Uterature 
also  was  commenced.  This  research  of  foreign  literature  was  not 
undertaken  in  the  belief  that  any  relation  necessarily  exists  between 
the  storm  rainfall  of  the  two  continents,  and,  therefore,  an  exhaustive 
study,  such  as  that  made  of  storms  of  the  eastern  United  States,  was 
not  made  of  European  storms.  The  much  longer  European  rainfall 
and  flood  records,  however,  might  be  expected  to  throw  additional 
light  on  the  origin  and  cause  of  great  rainstorms  and  floods,  as  well  as 
on  the  relative  size  and  frequency  of  ordinary  great  floods  as  compared 
with  the  maximum  of  a  very  long  period  of  years. 

Although  this  investigation  deals  primarily  with  storms,  it  is 
advisable  to  include  some  consideration  of  flood  runoff  of  European 
rivers,  because  the  runoflf  records  are  available  for  a  much  longer 
period  of  years  than  are  the  rainfall  records.  The  material  here 
given  is  necessarily  fragmentary,  as  it  is  in  the  nature  of  brief  sum- 
maries of  the  work  of  a  number  of  different  authorities.  These  sum- 
maries have  been  placed  in  what  seems  to  be  the  most  logical  order, 
and  proper  acknowledgments  accorded.  Care  has  been  used  to  tran- 
scribe the  data  accurately,  but  only  that  part  of  the  large  amount  of 
translated  material  which  is  directly  pertinent  to  this  investigation 
is  here  presented. 

PRECIPITATION  IN  RIVER  BASINS  OF  NORTH  GERMANY* 

Western  Germany,  influenced  by  the  ocean,  has  more  uniform 
climatic  conditions  than  the  interior  of  the  continent.  This  is  because 
the  cyclonal  rains,  coming  from  the  ocean,  reach  the  interior  much 
more  feebly  and  irregularly  than  they  do  the  coast  country;  and  also, 
because  the  local  summer  rains  in  the  interior  make  up  a  greater 
percentage  of  the  rainfall  than  they  do  in  the  coast  country. 

Considering  the  rainfall  by  seasons,  the  percentage  of  annual 
rainfall  which  occurs  during  the  months  of  December,  January,  and 
February,  decreases  from  west  to  east.    On  the  west  coast  it  is  24 

*  Die  Niederschlage  in  den  Norddeutschen  Stromgebieten.  By  Prof.  Dr.  G. 
Hellmann.  Berlin,  1906.  Dietrich  Reimer.  In  three  volumes.  Vol.  I,  text; 
Vols.  II  and  III,  tables. 
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per  cent,  and  in  the  eastern  part  of  Germany,  or  inland  country,  it  is 
16  per  cent  of  the  mean  annual  rainfall.  The  percentage  which  occurs 
during  March,  April,  and  May,  varies  from  18  per  cent  at  the  west 
coast  to  24  per  cent  inland,  the  relations  being  reversed.  This  difiFer- 
ence  is  more  marked  during  June,  July,  and  August.  The  percentage 
of  the  annual  rainfall  then  occurring  varies  from  30  per  cent  at  the 
west  to  40  per  cent  at  the  east.  In  September,  October,  and  November 
the  distribution  is  again  like  that  of  winter;  namely,  the  decrease  is 
from  30  per  cent  at  the  coast  to  22  per  cent  inland.  The  north 
German  inland  country,  therefore,  has  relatively  heavy  rainfall  in 
spring  and  summer;  the  coast  region,  on  the  other  hand,  in  autimm 
and  winter.  Comparing  the  cold  half  of  the  year,  October  to  March, 
with  the  warm  half,  April  to  September,  the  coast  country  at  the 
west  receives  about  50  per  cent  of  its  rainfall  in  each  half,  while  the 
inland  country  has  15  per  cent  more  in  the  warm  half  of  the  year  than 
in  the  cold. 

Leaving  the  Swiss  stations  out  of  consideration,  the  maximum 
monthly  rainfall  advances  apparently  regularly  from  south  to  north. 
The  south  and  southwest,  the  upper  Elbe  and  a  part  of  the  upper 
Rhine  basins,  have  the  maximum  in  June;  the  middle  and  northern 
part,  the  major  portion  of  the  area  here  studied,  in  July;  a  small 
inland  strip  of  northern  Hanover  and  Schleswig-Holstein,  in  August; 
the  northwest  coast  around  the  Elbe  mouth,  the  west  coast  of  the 
Baltic  (Schleswig-Holstein),  the  east  coast  of  the  Baltic  in  East 
Prussia  around  the  mouth  of  the  Memel,  the  extreme  southwest  of 
Germany  on  the  basin  of  the  upper  and  middle  Mosel,  and  the  part 
of  the  Jura  Mountains  in  Switzerland  draining  into  the  Rhine,  have 
the  maximum  in  October. 

The  month  of  least  average  rainfall  Ukewise  advances  from  south 
to  north.  January  is  the  month  of  least  average  rainfall  for  the  region 
furthest  from  the  coast,  including  the  entire  southern  part  except  the 
Swiss  stations.  A  great  area  northeast  of  this,  including  the  upper 
and  middle  basins  of  the  Memel,  Pregel,  and  Weichsel,  as  well  as  the 
right  tributaries  of  the  Oder,  and  two  smaU  districts  in  western 
Germany,  have  February  as  the  month  of  minimum  rainfall.  Prac- 
tically all  of  western  Germany,  as  well  as  most  of  the  coast  of  the 
Baltic,  have  April  as  the  minimum.  From  this  it  is  evident  that  the 
time  of  occurrence  of  extremes  is  exactly  6  months  apart  for  wide 
areas. 

Besides  the  principal  maximum  and  minimum,  there  are  evident 
in  annual  curves  of  rainfall  still  further  secondary  extremes.  These 
occur  in  March,  October,  and  December,  and  are  confined  to  the 
western  and  northwestern  part  of  Germany,  that  is,  to  the  lands  near 
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the  coast.  They  are  caused  by  the  action  of  great  cyclonal  rainfalls 
covering  wide  areas  and  occurring  chiefly  in  the  cold  season.  Such 
storms  have  often  caused  floods  in  the  Rhine,  Ems,  and  Weser  basins. 

Stations  at  low  elevations  show  less  variation  of  annual  rainfall 
than  those  located  at  high  elevations.  The  smallest  mean  monthly 
rainfall  in  the  low  country  amounts  to  from  0.98  to  1.58  inches.  In 
the  driest  regions  it  goes  as  low  as  0.79  inch,  as  at  Prag,  where  the 
mean  annual  is  17.6  inches;  and  apparently  somewhat  lower  at  other 
points.  At  the  stations  lying  nearer  the  ocean  and  receiving  greater 
rainfall,  it  frequently  rises  to  over  1.58  inches,  as  1.73  inches  at  Trier, 
mean  annual,  26.8  inches;  1.77  inches  at  Kleve,  mean  annual  30.4 
inches;  and  2.16  inches  at  Aachen,  mean  annual  33.4  inches.  In  the 
mountains  the  records  naturally  vary  much  more.  Only  one  of  the 
stations  studied  did  not  have  a  minimum  mean  monthly  rainfall  of 
less  than  3.94  inches. 

In  the  level  country  of  middle  and  north  Germany,  the  greatest 
monthly  rainfall  fluctuates  between  2.56  and  3.74  inches.  In  the 
driest  sections  it  remains  somewhat  lower.  Posen,  with  a  mean  annual 
rainfall  of  19.4  inches,  has  a  maximum  monthly  rainfall  of  2.44  inches; 
Prag,  with  a  mean  annual  of  17.65  inches  has  a  maximum  monthly 
rainfall  of  2.48  inches.  At  many  inland  stations,  where  the  summer 
rains  are  more  pronounced  than  in  the  regions  of  ocean  climate,  this 
increases  to  4  inches  or  more.  Limberg,  for  instance,  has  a  mean 
annual  rainfall  of  27.7  inches,  and  a  maximum  monthly  rainfall  of  4.1 
inches. 

In  the  mountainous  country  of  north  Germany,  Klaustal,  on  the 
plateau  of  the  upper  Harz  mountains,  which  has  a  mean  annual  rain- 
fall of  53  inches,  has  the  greatest  mean  monthly  rainfall  of  5.86  inches. 
The  Swiss  stations  in  the  upper  Rhine  basin  have  a  much  higher 
mean  monthly  rainfall,  as  for  instance  Altstatten  with  6.5  inches, 
and  a  mean  annual  of  49.8  inches;  St.  Beatenberg,  6.9  inches,  mean 
annual  57  inches;  St.  Gallen,  7.36  inches,  mean  annual  56.5  inches; 
and  Einsiedeln,  7.8  inches,  mean  annual  62  inches.  Other  Swiss 
stations  run  up  to  above  11.8  inches.  It  can  therefore  be  taken  that 
the  mean  monthly  rainfall  of  the  north  German  river  basins  varies 
between  0.79  and  12.6  inches. 

About  4000  stations,  2348  of  them  in  north  Germany,  were  studied 
for  this  work.  Their  total  records  covered  an  aggregate  of  approxi- 
mately 30,000  years.  Only  about  30  per  cent  of  the  4000  had  records 
extending  through  a  period  of  10  years  or  more.  The  records  belong 
to  different  periods,  and  are  scattered  irregularly  over  the  area  con- 
sidered. 

Analysis  shows  that  continuous  rainfall  records  of  not  less  than 
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30  to  40  years  are  required  to  give  a  reliable  figure  for  the  mean  annual. 
To  determine  the  mean  monthly  rainfall  within  2  per  cent,  60  year 
records  are  necessary. 

RELATION  BETWEEN  THE  MAXIMXTM  24-HOnR  RAINFALL 
AND  THE  MONTHLY  AND  ANNUAL  RAINFALL 

IN  GERMANY 

At  a  number  of  representative  stations  a  quite  unifonn  relation 
was  found  to  exist  between  the  average  maximum  24-hour  rainfall 
for  a  given  month  and  the  average  rainfall  for  that  month.  The 
former  is  generally  about  25  or  30  per  cent  of  the  latter.  At  stations 
where  the  annual  precipitation  is  small  this  percentage  may  increase 
to  about  32  per  cent;  at  stations  where  the  annual  precipitation  is 
large,  it  may  decrease  to  about  22  per  cent.  The  percentage  is 
somewhat  smaller  during  the  winter  months  of  October  to  March 
than  during  the  summer  months  of  April  to  September.  In  the 
winter  it  averages  about  25,  and  in  the  summer  about  29  per  cent. 

A  similar  relation  exists  between  the  greatest  24-hour  rainfall 
which  has  ever  been  recorded  during  a  given  month  and  the  average 
rainfall  for  that  month.  The  former  generally  is  from  65  to  80  per 
cent  of  the  latter.  Here,  also,  the  percentage  is  greater  at  stations 
where  the  annual  rainfall  is  small  than  where  it  is  large.  And,  too, 
the  percentage  is  smaller  in  the  winter  than  in  the  summer  months, 
averaging  about  70  per  cent  in  the  former  and  80  per  cent  in  the  latter. 

The  records  at  28  representative  stations  were  used  to  determine 
the  relation  of  the  average  greatest  24-hour  rainfall  per  year,  at  a 
given  station,  to  the  mean  annual  rainfall  at  that  station.  The 
stations  were  located  principally  in  north  Germany,  and  each  had  a 
complete  record  of  35  or  more  years.  The  determination  of  this 
relation  at  the  individual  stations  showed  that  the  average  greatest 
24-hour  rainfall  per  year  is  relatively  larger  at  stations  having  little 
rainfall  than  at  stations  having  much  rainfall. 

By  analyzing  the  results  an  empirical  formula  was  deduced  for 
determining  the  average  greatest  24-hour  rainfall  per  year  at  any 
station  in  the  region  to  which  the  formula  is  applicable. 

Let  M  be  the  average  greatest  24-hour  rainfall  per  year  at  a  given 
station;  H,  the  mean  annual  rainfall  at  that  place;  and  P,  the  per- 
centage ratio  of  the  former  to  the  latter.    Then,  for  that  station 

lOOM 


P  = 


H 


By  plotting  on  coordinate  paper  the  actual  values  of  P  and  H 
obtained  at  the  28  representative  stations,  the  manner  in  which  P  de- 
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FIG.  114.— CURVE  SHOWING  RELATION  AT  INDIVIDUAL  STATIONS 

BETWEEN  THE  AVERAGE  GREATEST  ANNUAL  24-HOUR 

RAINFALL  AND  THE  MEAN  ANNUAL  RAINFALL. 

The  curve  is  based  on  the  records  at  68  stations  in  Germany  and  Switzerland. 

creases  with  an  increasing  value  of  H  was  clearly  shown.  In  this 
way  was  found  the  desired  general  equation  for  determining  the  average 
greatest  24-hour  rainfall  at  any  station,  when  the  mean  annual  rain- 
fall is  known. 

Between  P  and  H  there  exists  an  equation  of  the  form 

P  =  c  +  |. 

The  constants  a  and  b  are  found  to  have  the  values,  a  =  2.11  and 
6  =  84.17,  when  H  is  expressed  in  inches.    Therefore, 

84.17 


P  =  2.11  + 


H 


M  =  0.8417  +  0.0211H 

Naturally  these  have  no  physical  meaning,  but  are  to  be  looked 
upon  only  as  empirical  formulas  hmited  by  the  amount  and  character 
of  the  data  upon  which  they  are  based.  The  following  values  obtained 
by  the  use  of  these  equations  may  make  clearer  the  relation  between 
H,  P,  and  M: 


HlncheB 

P  Per  Ceat. 

M  InchCB 

//  Incbes 

P  Per  Cent. 

jr  Incbes 

15 

7.78 

1.17 

40 

4.21 

1.69 

20 

6.32 

1.26 

45 

3.98 

1.79 

25 

5.47 

1.37 

50 

3.79 

1.90 

30 

4.91 

1.47 

55 

3.64 

2.00 

35 

4.51 

1.58 

60 

3.51 

2.11 
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Only  a  few  of  the  28  stations  used  in  determining  the  foregoing 
equations  have  a  large  annual  rainfall.  In  south  Germany  and 
Switzerland,  40  additional  representative  stations  were  therefore 
chosen,  each  of  which  had  a  record  of  24-hour  masdma  for  at  least 
21  years.  With  these,  the  average  greatest  24-hour  rainfaU  per  year 
in  per  cent  of  the  corresponding  mean  annual  was  again  calculated 
for  each  station.  The  68  values  of  P  and  the  corresponding  values 
of  H  were  plotted  on  coordinate  paper,  and  a  curve  was  sketched  in 
averaging  the  points.  The  curve  obtained  is  shown  in  figure  114. 
Attempts  to  establish  equations  similar  to  those  above  were  not 
satisfactory  because  of  the  irregularity  of  the  plotted  points.  This 
irregularity  is  ascribed  to  the  fact  that  the  records  were  shorter,  the 
stations  more  scattered,  and  the  records  of  less  uniform  value  than 
the  28  records  used  in  the  preceding  analjnsis. 

MAXIMUM  24-HOnR  RAINFALLS  OF  3.94  INCHES  (100  MM) 

OR  MORE 

The  stations  having  long-term  records  are  too  few  to  suffice  for 
determining  the  frequency  and  extent  of  the  extreme  greatest  rains. 
Such  rains  occur  either  as  local  thunderstorms,  for  the  determination 
of  which  the  stations  having  long  records  are  too  far  apart;  or  as 
general  rains,  whose  extent  and  greatest  amount  cannot  be  accurately 
determined  by  such  stations.  The  establishment  of  a  close  net  of 
rainfall  stations  has  made  possible  a  more  accurate  insight  into  the 
conditions  of  maximum  rainfall.  Some  results  of  studies  of  the 
occurrence  of  extreme  maximum  24-hour  rainfall,  based  on  records  at 
445  stations,  will  here  be  given.  Only  maxima  of  at  least  3.94  inches 
(100  mm)  wiU  be  considered. 

Considering,  first,  the  bulk  of  the  maximum  24-hour  measurements, 
it  is  plain  that  the  stations  in  the  level  country  are  to  be  differentiated 
from  those  in  the  mountains.  The  extreme  maximum  values  occur 
among  the  latter,  as  follows: 

o  J  X     *  (North  Bide 9.42  inches 

S^<i«*^*  jsouth  side 13.7  " 

Erzgebirge 5.86  " 

Harz  Mts 6.15  " 

Thtiringerwald 5.40  " 

Schwarzwald 6.90  " 

Vogesen 5.40  " 

Ai      /r>^.'      r»    •  \  /Austria 7.60      " 

Alps  (Bhine  Basin)  jg^^^^j^^ ^^^      „ 

*  Mountains  between  Silesia  and  Bohemia,  southeastern  Germany. 
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The  highest  figure  given  for  the  Alps  may  readily  have  been 
exceeded,  since  stations  in  the  high  country  are  not  numerous.  Except 
for  the  Sudeten  and  the  Alps,  the  other  mountain  rainfalls  are  not 
unusually  high  and  are  often  exceeded  by  maxima  in  the  level  country. 
These  level  country  maximum  24-hour  rainfalls  occur  during  the  most 
intensive  rains.  Between  the  maxima  occurring  in  the  mountains 
and  in  the  flat  country  there  is  the  general  difference  that  the  mountain 
rains  generally  fall  as  widespread  rains  lasting  the  entire  24  hours, 
while  the  low  country  maxima  fall  in  a  short  time,  often  in  a  few  hours, 
and  are  generally  accompanied  by  thunderstorms.  An  hour's  rain 
of  the  former  would  fall  in  5  minutes  in  the  latter.  The  former  are 
widespread,  and  cause  extensive  floods;  the  latter  are  mostly  local, 
but  cause  relatively  large  damage  within  limited  areas. 

The  greatest  24-hour  rainfalls  in  the  level  country  occur  in  the 
continental  and  dry  areas,  where  a  rainfall  of  5.5  to  5.9  inches  in  24 
hours  is  not  uncommon;  while  in  wet  northwest  Germany  and  in  the 
coast  regions,  the  limiting  value  of  4.72  inches  has  not  yet  been 
exceeded. 

Following  are  some  values  of  absolute  maximum  24-hour  rainfalls, 
in  inches,  at  representative  stations  in  Germany: 


Station 


Inland  Regions: 

Welikij  I>wor,  Gouv.  Wilna . 

Rominten,  Ostpreussen 

Kurwien,  Ostpreussen 

Wildgarten,  Westpreussen . . 

Berlin,  Brandenburg 

Sonimerfeld,  Brandenburg .  . 

Triebel,  Brandenburg 

Schlanstedt,  Sacfasen 

Pima,  Kgr.  Sachsen 

Coast  Regions: 

Kolberg,  Pommem 

Schwerin.  Mecklenburg 

Kiel.  Schleswig-Holstein .... 

Ahlaen,  Hanover 

Nieder  Warsburg,  Westfalen 


Mean  Annual 
Rainfall 


25.0 


22.9 


21.25 
26.8 

22.8 
23.8 
26.8 
22.9 
24.6 


224-Hour  Rain- 
fall 


5.50 
6.67 
5.67 
6.06 
6.54 
5.86 
5.63 
6.02 
6.15 

4.01 
4.65 
3.94 
4.60 
4.40 


Ratio 


.23 
.28 


.28 
.23 

.18 
.20 
.15 
.20 
.18 


The  highest  maxima  in  the  drier  regions  amount  to  about  20  to  30 
per  cent  of  the  corresponding  mean  annual  rainfall;  but  in  the  moister 
regions,  to  only  15  to  19  per  cent.  The  law  previously  found,  namely, 
that  the  average  24-hour  maximum  does  not  increase  in  proportion 
to  the  annual  rainfall,  is,  therefore,  confirmed  by  the  absolute  maxi- 
mum 24-hour  rainfall.  This  influence  of  inland  position  upon  absolute 
maximum  24-hour  rainfall  is  weU  shown  on  a  map  with  a  small  dot 
for  each  station  where  a  maximum  24-hour  rainfall  of  over  3.94  inches 
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has  occurred.  Very  few  dots  occur  in  or  near  the  coast  regions;  they 
are  very  numerous  n  central  and  southern  Germany;  more  occur  on 
the  upper  third  of  the  Elbe  Basin  than  anywhere  else;  and  there  are 
practically  none  in  the  rainy  western  mountainous  country  of  north 
Germany.  By  far  the  greater  number  of  maximum  24-hour  rainfalls 
occur  in  the  sununer  months  of  June,  July,  and  August.  A  study 
shows  that  differences  exist  between  the  extreme  west  and  the  middle 
and  eastern  areas. 

Considering,  iGlrst,  only  the  individual  or  local  maxima  which  occur 
at  one  or  two  stations  and  which,  as  already  remarked,  belong  ex- 
clusively to  the  low  country,  the  following  distribution  in  per  cent  is 
obtained: 


LoMtlon 

April 

May 

June 

July 

Alls. 

Sept. 

Oct. 

North  Germany  (per  cent) 

Austria  (per  cent) 

2 

13 
11 

22 

39 

32 
20 

17 
28 

13 

2 

1 

Such  a  table  is  not  given  for  the  low  country  stations  of  south 
Germany  and  Switzerland,  because  very  few  of  the  stations  in  the  low 
country  have  a  maximum  24-hour  rainfall  of  3.94  inches  or  more. 

If  the  24-hour  maxima  are  arranged  according  to  drainage  basins, 
the  following  table  shows  their  percentage  of  occurrence  in  the  various 
seasons.  ^ 


River  Budn 

winter 

Spring 

Summer 

Autamn 

WeichR<*rl 

4 
10 
18 

6 

87 
80 
74 
33 

9 

10 

8 

Oder 

Elbe 

Rhmp .,-,.-, , -  - 

27 

34 

The  floods  caused  by  heavy  rains  must  therefore  occur  in  the  warm 
half  of  the  year  on  the  easterly  streams,  Weichsel,  Oder  and  Elbe. 
On  the  Rhine,  the  cold  half  of  the  year  has  a  greater  percentage  of  such 
floods.  This  would  stand  out  still  more  on  the  Rhine  if  the  maxima 
of  local  character  were  eliminated,  especially  on  the  upper  Rhine,  so 
far  as  it  is  represented  by  the  stations  of  Switzerland,  Austria,  Bavaria 
and  Alsace-Lorraine.  The  greatest  floods  caused  by  rainfall  occur  in 
the  warm  half  of  the  year  on  the  Memel,  Pregel,  and  Weser  rivers, 
just  as  on  the  Weichsel,  Oder,  and  Elbe. 


HEAVY  LOCAL  RAINS  OF  SHORT  DURATION 

The  following  table  shows  the  average  intensity,  in  inches  per 
minute,  and  frequency  of  heavy  rainfalls  of  short  duration.  It  is  the 
average  for  north  Germany  for  the  period  1891-1902. 
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Duration 

(minutes) 
Intensity 

(inciies 

per 

minute) 
Number. . 

4.4 

0.071 
91 

11.8 

0.048 
357 

25.6 

0.037 
346 

41.5 

0.030 
167 

58.0 

0.024 
185 

1  h.  30  m. 

0.018 
319 

2h.  37  m. 

0.013 
123 

4h.31m. 

0.008 
151 

It  will  be  noted  that  the  intensity  diminishes  with  the  duration, 
as  would  naturally  be  expected. 

The  most  noteworthy  cloudbursts  in  North  Germany  in  1891- 
1902  were: 


Stadon 

Date 

Duration 

iDchfls  of  Ralxt- 
faU 

Walterahausen  in  Thtiringen 

Aug.  14,  1884 
Sept.   7,  1886 
May  11, 1890 
June  21,  1895 
Aug.    1, 1896 
July  17,  1887 
June  12,  1889 
Apr.  14,  1902 

Ih. 

Ih. 

1  h.  35  m. 

2h. 

1  h.  40  m. 
2h. 

2  h.  15  m. 

3  h.  30  m. 

2.96 

3.86 
4.37 
5.06 
5.27 
6.30 
5.20 
5.63 

Neustadt  on  the  Haardt 

Schwerin  in  Mecklenburg 

Bobersburg  in  Schlesweig 

Wildgarten  in  Westpreussen 

Kemnitz  in  Oberlausitz 

Gdrlsdorf  in  Brandenburs 

Herlm 

STORMS  AND  FLOODS  IN  EUROPEAN  RIVER  BASINS 

Storm  and  flood  data  pertaining  to  a  few  European  rivers  has  been 
gathered  from  a  number  of  sources.  An  exhaustive  study  of  the  storms 
and  floods  in  each  river  basin  has  not  been  attempted,  although  the 
material  originally  translated  was  much  more  comprehensive  than  the 
short  summaries  here  published. 

The  data  given  is  not  equally  comprehensive  for  all  the  basins, 
because  the  records  and  studies  of  some  were  much  more  accessible 
and  complete  than  for  others.  As  far  as  the  available  data  would 
permit,  however,  the  following  information  and  records  are  presented 
for  each  river:  (a)  The  location,  area,  topographic,  and  hydrographic 
features  of  the  river  basins;  (b)  the  normal  and  extreme  rainfall 
conditions;  (c)  the  principal  floods  of  the  past,  their  relative  sizes, 
and  the  depths  of  rainfall  and  peculiarities  of  the  storms  which  caused 
them. 

Floods  in  the  Elbe  River* 

The  Elbe  rises  in  Bohemia,  northern  Austria,  flows  northward  and 
northwestward  into  Germany  at  Tetschen,  Bohemia,  past  Dresden, 
Magdeburg,  and  Hamburg,  and  into  the  North  Sea  at  Cuxhaven. 

*  Reports  of  the  Aiistrian  Hydrographic  Bureau,  and  ''Der  Elbstrom,  sein 
Stromgebiet  und  seine  wichtigsten  Nebenfltisse." 
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The  Moldau  and  Little  Elbe,  both  rising  in  northern  Austria,  join  to 
form  the  main  Elbe  about  23  miles  below  Prague  at  Melnik,  Bohemia. 
The  drainage  area  of  the  Moldau  at  its  junction  with  the  Elbe  at  Mel- 
nik  is  10,850  square  miles,  the  drainage  area  of  the  Little  Elbe  at  that 
place  is  5,290  square  miles,  and  the  drainage  area  of  the  total  Elbe 
at  the  German  border  at  Tetschen,  Bohemia,  is  19,730  square  miles. 

The  mean  annual  rainfaU  over  the  Moldau  basin,  as  determined 
from  the  records  for  the  years  1876-1900,  is  29.05  inches;  that  of  the 
Little  Elbe  for  the  same  period  of  years  is  28.25  inches;  and  that  of 
the  total  Elbe  above  Tetschen  is  27.10  inches. 

The  three  greatest 'floods  of  recent  years  on  the  upper  Elbe  and 
its  tributaries  were  those  of  September  1-4,  1890,  July  27-31,  1897, 
and  September  7-13,  1899.  Measurements  of  the  discharge  of  the 
Moldau,  the  Little  Elbe,  and  the  Elbe  were  made  during  each  of  these 
floods.  Measurements  of  the  Moldau  were  made  at  Prague,  a  short 
distance  above  its  junction  with  the  Little  Elbe,  where  it  has  a  drainage 
area  of  10,400  square  miles;  measurements  on  the  Little  Elbe  were 
made  at  Brandeis,  where  it  has  a  drainage  area  of  5180  square  miles; 
and  measurements  of  the  total  Elbe  were  made  at  Tetschen.  Fol- 
lowing are  the  results  of  the  measurements,  the  gage  heights,  the 
average  rainfall,  and  the  total  runoff  for  each  basin  during  each  flood. 


Average  Rainfall 
In  Inches 

Max.  Dlacbarse 
In  Second  Feet 

Max.  Oace 
Helgtit  In  Feet 

Total  RiUMrfl 
In  Per  Gent. 

Moldau  at  Prague, 
Bohemia: 

September  1-4, 1890 

July  27-31,  1897 

September  7-13,  1899. . . . 
Little  Elbe  at  Brandeis, 
Bohemia: 

September  1-4,  1890 

July  27-31,  1897 

September  7-13,  1899. . . . 
Total  Elbe  at  Tetschen, 
Bohemia: 

September  1-4,  1890 

July  27-31,  1897 

September  7-13,  1899. . . . 

4.27 
5.02 
4.01 

2.48 
4.65 
2.86 

3.35 
4.67 
3.37 

140,000 
69,000 
69,800 

16,580 
25,400 
11,780 

157,000 
94,200 
76,200 

16.6 
11.0 

57 

25* 
19 

37 
29 
17 

53 

26* 

19.5 

9.1 
10.1 

27.8 
18.7 

The  greatest  recorded  rates  of  discharge  of  the  two  tributaries 
and  of  the  total  Elbe  at  Tetschen,  are  as  follows:  On  the  Moldau  at 
Prague,  March  29,  1845,  there  was  a  discharge  of  159,000  second 
feet;  on  the  Little  Elbe  at  Brandeis,  March  9,  1891,  there  was  a 
discharge  of  38,830  second  feet;  and  on  the  total  Elbe  at  Tetschen, 
March  31,  1845,  there  was  a  discharge  of  197,700  second  feet. 

The  above  table  indicates  that  the  amount  of  rainfall  in  a  storm 
is  not  an  accurate  index  of  the  size  of  flood  which  it  produces.     The 

*  Average  amiiual  percentage  is  27  for  Elbe  above  German  border. 
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fact  that  the  1890  flood,  with  less  ramfall,  was  greater  than  the  flood 
of  1897,  is  explained  by  the  Austrian  Hydrographic  Bureau  as  follows: 

Some  increase  in  the  rate  of  runoff  was  due  to  the  harvests  being 
all  gathered  before  September,  1890,  while  they  were  still  standing 
in  July  and  August,  1897.  The  main  cause  of  the  difference  in  per- 
centage of  runoff,  however,  was  the  excessive  rainfall  during  August, 
1890.  The  average  for  the  month  over  the  entire  area  above  the 
German  border  was  5.57  inches,  as  against  the  15-year  average  of 
2.96  inches.  Thus,  the  flood  rainfall  of  September  1^,  1890,  found 
the  streams  already  with  considerable  flow,  and  the  ground  thoroughly 
saturated.  The  1897  flood  rainfall  on  July  27-31,  on  the  other  hand, 
was  preceded  by  26  days  below  the  average  in  rainfall,  since  an  average 
of  only  2.36  inches  of  rain  fell  during  the  first  26  days  of  July,  1897, 
as  against  a  15-year  average  for  July  of  3.50  inches.  The  distribution 
of  the  rainfall  over  the  drainage  area,  and  the  temperature  conditions, 
in  1890,  were  also  much  more  conducive  to  a  high  rate  of  runoff  than 
in  1897. 

The  results  of  a  comparison  of  the  flood  periods  of  July-August, 
1897,  and  September,  1899,  are  summarized  by  the  Austrian  Hydro- 
graphic  Bureau  as  follows: 

(a)  The  volume  of  rainfall  which  fell  at  the  time  of  the  flood  of 
1897  was  much  more  considerable  than  that  of  the  year  1899,  the 
former  amounting,  for  the  total  basin,  to  about  1.4  times  the  latter. 

(b)  Similarly,  the  volume  of  runoff  in  1897  far  exceeded  that  in 
1899,  in  that  in  the  former  the  volume  for  the  total  basin  was  1.8 
times,  for  the  Moldau  basin  1.6  times,  and  for  the  Little  Elbe  basin 
2.7  times  greater  than  in  the  latter. 

(c)  In  1897  higher  maxima  were  reached  generally.  Only  on  the 
Moldau  and  Wattawa  rivers  did  the  flood  wave  of  1899  reach  a  greater 
height. 

(d)  Finally,  in  1899,  as  a  result  of  the  smaller  rainfall,  lower  runoff 
coe£Bicients  than  in  1897  were  obtained,  which  phenomenon  is  espe- 
cially noticeable  on  the  Little  Elbe  basin  above  Melnik. 

Floods  in  the  Oder  River* 

The  Oder  River  rises  in  northern  Austria  and  enters  Germany  in 
the  province  of  Silesia.    The  tributaries  coming  into  the  Oder  on  the 

*Ffihrer  durch  die  Sammelausstellung  aus  dem  Gebiete  des  Wasserbaues 
Brussels,  1910. 

Centralblatt  der  Bauverwaltimg,  1894,  pp.  345-350. 

Jahrbuch  ftlr  die  GewSsserkunde,  1901. 

Handbuch  der  Ingenieur  Wissenschaften  III,  I  Band,  4  Auflage. 

Der  Odeistrom,  sein  Stromgebiet  und  seine  wichtigsten  Nebenfltisse. 
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left  or  west  bank  have  a  steep  fall.  They  come  down  from  the  momi- 
tains  of  the  Austrian  boundary,  which  stretch  their  foothills  far 
toward  the  Oder,  leaving  only  a  narrow  strip  of  level  country  along 
the  river.  Their  drainage  basins  receive  a  very  heavy  rainfall, 
especially  in  the  upper  portions.  In  the  comparatively  narrow  strip 
of  flat  land  along  the  river  the  rainfall  is  low,  often  less  than  20  inches 
of  mean  annual  rainfall;  in  the  mountains  it  is  40  inches  or  more, 
sometimes  as  high  as  55  inches.  In  the  low  country  the  average  daily 
rainfall  in  storms  is  1.4  to  1.6  inches,  with  a  maximum  of  3.3  inches, 
while  in  the  mountainous  country  it  is  3.1  inches  on  the  average,  with 
a  maximum  of  8  inches.  At  Neuwiese,  a  station  near  the  source  of 
the  GorUtzer  Neisse  tributary,  a  maximum  24-hour  rainfall  of  13.6 
inches  was  recorded  on  March  29,  1897.  The  total  rainfall  at  this 
station  during  the  storm  of  July  26-31,  1897,  was  17.8  iaches. 

The  following  table  shows  the  rainfall  in  inches  at  13  representative 
stations  on  the  Oder  basin.  The  number  of  years  of  record  end  with 
the  year  1890. 


StaUon 

Yean  of 
Beoord 

Maztmuin 
Annual 
lUlnfaU 

Minimum 
Annual 
RalnfaU 

Mean 
Ralnxall 

Maximum 
24-Hour 
Rainfall 

Breslau 

82 
34 
18 
36 
26 
32 
43 
40 
43 
24 
33 
28 
32 

26.0 
31.4 

30.8 
32.6 
73.5 
35.5 
26.8 
27.3 
25.8 
24.7 
27.3 
24.5 
26.6 

6.1 
14.3 
15.0 

14.8 
22.6 
21.0 
13.8 
11.3 
12.6 
19.5 
12.2 
12.2 
15.8 

22.2 
24.1 
22.0 
22.0 
47.2 
26.8 
20.3 
19.6 
20.2 
26.6 
17.8 
18.6 
19.7 

4.4 
3.5 

' '  2.6' '  * 
6.1* 
3.8 
3.7 
3.3 
3.3 
3.0 
2.5 
2.7 
3.3 

Ratibor 

Kreuzburff 

Zechen-Gu^raii     

Wang 

£ichberK 

Frankfurt  on  Oder 

Posen 

Stettin 

Pammin 

PrenzlftU 

Hinrichffhftgen 

LfUbbenow 

The  cloudburst  of  August  2-3,  1888,  on  the  basins  of  the  upper 
Queis,  Katzbach,  and  Sober  caused  the  greatest  floods  in  these 
streams  since  1804.  The  Queis,  Katzbach,  and  Bober  are  tributaries 
on  the  left  bank  of  the  Oder  in  Silesia.  The  storm  of  1888  began  on 
the  evening  of  August  2  and  lasted  from  15  to  18  hours.  The  mean 
annual  rainfall  and  the  average  precipitation  during  this  cloudburst, 
as  determined  from  a  number  of  station  records  on  each  basin,  are  as 
follows: 


Baoln 

Mean  Annual  RalnfaU 

Rainfall  August  2-3. 1888 

Per  cent  of  Mean  Annual 

Queis 

32.62 
25.08 
31.78 

5.64 
4.19 

3.90 

17.3 

16.7 
12.3 

Katzbach 

Bober 

*  This  occurred  on  July  17,  1882;  on  July  30,  1897,  there  was  a  rainfall  at  this 
station  of  8.66  inches. 
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Another  great  summer  flood  occurred  Jime  14r-23,  1894,  on  the 
upper  part  of  the  Oder  and  Weichsel  Eiver  basins.  The  average 
rainfall  over  these  basins,  for  the  maximum  period  of  24  hours,  June  16, 
as  determined  from  the  records  of  14  representative  stations,  was 
2.23  inches;  the  average  for  the  maximum  3-day  period,  June  15-17, 
as  determined  from  the  records  of  5  of  these  stations,  was  5.83  inches; 
and  the  average  for  the  whole  storm  period,  June  14-23,  at  4  stations, 
was  9.60  inches. 

The  storm  fell  on  saturated  ground.  There  had  been  intermittent 
rains  for  14  days  preceding,  most  of  which  had  run  ofif.  The  rate  of 
rainfall  on  the  upper  Olsa  basin,  an  upper  tributary  of  the  Oder, 
above  Teschen,  having  a  drainage  area  of  185  square  miles,  was 
14,120  cubic  feet  per  second  on  June  16,  as  estimated  from  the  records 
at  two  stations.  One  of  these  stations,  Istehna,  reported  3.06  inches; 
the  other,  Jablunkau,  reported  3.48  inches.  These  are  two  of  the 
highest  records  for  the  maximum  day.  The  discharge  at  the  maxi- 
mum stage  on  June  17  was  18,800  second  feet,  or  101.5  second  feet 
per  square  mile,  showing  that  the  rainfall  on  the  mountains  must  have 
been  considerably  higher  than  that  recorded  at  the  stations,  which  lie 
in  the  valleys,  and  that  practically  all  the  rainfall  ran  ofif.  This 
occurred  in  a  basin,  the  greater  part  of  which  was  covered  with  heavy 
woods  and  the  soil  of  which  under  ordinary  conditions  is  not  im- 
permeable. 

A  third  great  flood  of  recent  years  on  the  Oder  basin  was  that 
caused  by  the  storm  of  July  27-31, 1897.  This  flood  did  great  damage 
and  in  the  province  of  Silesia  28  lives  were  lost.  Extensive  protective 
measures  were  carried  out  as  a  result  of  this  flood.  The  average  rain- 
fall over  the  drainage  areas  of  the  principal  tributaries  of  the  upper 
Oder  during  the  maximum  24-hour  period,  July  29-30,  and  during  the 
total  4  dajrs  of  rainfall,  July  27-31,  1897,  was  as  follows: 


Tributary 

Draloaee  Area  Square 
Miles 

Maximum  24-Hour 
RalnfaU 

Total  Rainfall 
July  27-81 

Lomnitz 

45.2 

105 

44.2 

17.5 

793.4 

388.6 

6.61 
4.56 

4.33 
5.67 
3.31 
3.79 

9.96 
7.05 

6.97 
6.90 
4.94 
5.56 

Zacken 

Kemnitzbach 

Zippelbach 

Bober 

Quels 

The  maximum  discharge  of  the  Bober  was  67,750  second  feet,  or 
86.5  second  feet  per  square  mile;  that  of  the  Quels  was  42,400  second 
feet,  or  109.0  second  feet  per  square  mile. 
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Floods  in  the  Danube  River* 

The  Danube  is  formed  by  the  union  of  the  two  mountain  streams, 
Breg  and  Brigach,  which  rise  in  the  Black  Forest  in  the  Grand  Duchy 
of  Baden,  Germany.  These  streams  join  at  Donau-Eschingen,  in 
Baden,  and,  from  there,  the  Danube  Sows  through  Wurtemberg  and 
Bavaria  and  enters  Austria  at  Passau,  about  200  miles  above  Vienna. 
The  distance  from  the  source  of  the  Danube  to  Vienna  is  about  500 
miles,  and  its  total  length  is  about  1735  miles.  The  drainage  area 
above  Vienna  is  about  39,400  square  miles,  and  the  total  drainage 
area  is  about  315,500  square  miles. 

The  annual  average  rainfall  over  the  Danube  basin  above  Vienna 
for  the  14-year  period  1896-1909  was  as  follows: 

1896 47.1  inches  1903 41.5  inches 

1897 45.4      "  1904 38.3  " 

1898..! 38.7      "  1906 42.5  " 

1899 44.0      "  1906 44.9  " 

1900 40.8      "  1907 40.0  " 

1901 39.2      "  1908 34.8  " 

1902 40.8      "  1909 42.0  " 

Maximum 47.1  inches 

Mean 41.6      " 

Minimum 34.8      " 

The  Hydrographic  Bureau  of  Austria,  from  whose  records  much  of 
the  material  here  is  taken,  has  made  an  exhaustive  study  of  floods  and 
flood  conditions  on  the  Danube  at  Vienna. 

Records  of  floods  on  the  Danube  extend  back  to  the  year  1000, 
during  which  time  there  have  been  repeated  disastrous  floods,  causing 
great  loss  of  Ufe  and  property.  The  greatest  was  in  1501,  the  second 
greatest  in  1787,  and  the  third  greatest  in  1899. 

The  greatest  flood  in  the  Danube  ever  recorded,  that  of  1501, 
had  a  maximum  discharge  at  Vienna  of  494,200  second  feet,  or  12.6 
second  feet  per  square  mile.  The  next  greatest,  that  of  1787,  dis- 
charged 416,540  second  feet,  or  10.6  second  feet  per  square  mile.  The 
third  greatest,  that  of  1899,  had  a  maximum  discharge  of  370,650 
second  feet,  or  9.5  second  feet  per  square  mile  at  Vienna.  A  very 
large  flood  in  the  Danube  also  occurred  July  16-^1,  1897.  In  this 
flood  the  maximum  discharge  at  Vienna  was  337,100  second  feet,  or 
8.6  second  feet  per  square  mile. 

The  following  amounts  in  inches  for  maximum  1-day  and  2-day 

*  La  Danube  dans  la  Basse  Autriche,  by  M.  Armand.  Annales  des  Fonts  et 
Chauss^es,  1910,  V. 

Reports  of  the  Austrian  Hydrographic  Bureau. 
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periods  and  for  the  entire  storm  of  7  da3rs,  at  stations  reporting  greatest 
rainfall,  will  give  the  reader  an  idea  of  the  precipitation  in  the  storm  of 
September  8-14,  1899: 


Period 


Max.  1  day. 
Max.  2  days 
Total  7  days 


station 


Mtihlau 

Langbathsee 
Alt-Aussee*. 


Sept. 
Stonn 


Mean 
Annual 


11.3 
17.0 
26.2 


61.1 
82.5 


Year 
1890 


78.9 

98.6 
105.6 


Sei>t., 
1890 


22.5 
27.0 
31.2 


Mean 

for 

Sept. 


5.35 

7.72 


The  tabulation  below  shows  the  average  amoimt  of  rainfall  over 
the  Danube  watershed  above  Vienna  during  three  large  storms,  and 
the  discharge  at  Vienna  for  these  and  the  two  greatest  previous  floods. 
For  the  storm  of  July,  1897,  the  records  at  371  stations  were  used  in 
determining  the  average  rainfall;  for  the  storm  of  September,  1899, 
the  records  at  472  stations  were  used;  there  is  nothing  to  indicate  the 
number  of  records  used  in  determining  the  average  for  the  storm  of 
August,  1890. 


storm 


Causing  flood  of  1501 

Causing  flood  of  1787 

August  24  to  Sept.  5,  1890. 

July  16-31,  1897 

September  8-14,  1899 


Max.  l-Day  Rain- 
fall, Incbea 


1.48 
1.65 
2.37 


Total  Storm  Rain- 
fall, Inches 


7.11 
5.90 
6.71 


Max.  Dlseh. 
Seo.-Ft. 


494,200 

416,540 


337,100 
370,660 


A  study  of  rainfall  and  runoff  shows  that  the  greatest  recorded  flood 
may  some  day  be  exceeded.  For  example,  the  great  flood  of  1899 
occurred  in  September  when  the  Danube  is  low.  The  same  rainfall 
could  occur  in  June  or  July,  when  the  river  is  high  due  to  the  melting 
of  snow  and  glaciers.  Also,  part  of  the  precipitation  at  the  time  of 
the  flood  of  1899  was  in  the  form  of  snow  in  the  mountains.  If  this 
had  all  been  rain,  the  resulting  flood  would  have  been  greater.  The 
soil  was  capable  of  more  absorption  in  September  than  if  the  flood 
had  occurred  earlier  in  the  year.  The  rainfall  could  have  had  a 
longer  duration  and  local  heavy  downpours  could  have  increased  its 
effect  in  raising  the  river  at  Vienna,  as  shown  by  past  rainfall  records. 

In  short,  despite  the  records  of  over  900  years  at  Vienna,  the 
government  experts  are  convinced,  after  studies  with  the  most  com- 
plete and  long  term  records  of  rainfall  and  gage  heights,  that  provision 
should  be  made  for  a  greater  flood  than  has  ever  yet  been  experienced. 
^  This  was  also  borne  out  by  a  study  of  the  possible  combinations  of 

*  The  precipitation  for  the  maximum  day  at  Alt-Aussee  was  9.58  inches. 
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various  tributary  floods,  which  showed  that  combinations  much  more 
conducive  to  maximum  stages  in  the  Danube  were  liable  to  occur. 

These  studies  also  showed  that,  as  might  be  expected,  the  most 
favorable  conditions  for  a  great  flood  were  when  the  rainstorm  travelled 
in  the  direction  of  flow  of  the  main  river.  A  lighter  storm  travelling 
thus  might  cause  a  greater  rise  than  a  heavier  rainfall  going  upstream 
or  across  the  basin. 

The  Hydrographic  Bureau  of  Austria  concluded  that,  on  the 
average,  great  floods  may  be  expected  about  once  a  decade,  sometimies 
twice.  Extraordinary  floods,  Uke  1899,  1787,  and  1501,  due  to  wide- 
spread, excessive,  extended  rainfall,  or  to  snow  melting  combined  with 
heavy  rains,  occur  seldom,  but  may  occur  several  times  during  a 
century.  A  record  of  100  years  is  not  long  enough  to  fix  the  maximum 
flood.  A  record  of  500  years  or  more  is  scarcely  sufficient.  For  ex- 
ample, the  1899  flood,  the  maximum  of  the  19th  century,  might  have 
been  taken  as  the  maximum  to  determine  the  channel  capacity.  It 
was  the  maximum  for  over  a  hundred  years,  yet  the  flood  of  1501 
had  a  33  per  cent  greater  maximum  discharge  at  Vienna. 

Floods  in  the  Seine  River* 

The  river  Seine  of  northern  France  flows  west  through  Paris  and 
empties  into  the  English  Channel.  Its  principal  tributaries  above 
Paris  are  the  Aube,  Yonne,  and  Mame.  The  mouth  of  the  latter  is 
but  a  short  distance  above  the  city.  The  Oise  empties  into  the  Seine 
from  the  north  a  short  distance  below  Paris.  The  total  area  of  the 
Seine  basin  is  30,400  square  miles;  the  drainage  area  of  the  main 
stream  and  its  tributaries  above  the  mouth  of  the  Oise  is  16,730  square 
miles. 

The  regimen  of  the  Seine  basin  is  regular.  The  highest  altitudes 
at  the  headwaters  reach  2600  feet.  About  one-third  of  the  drainage 
area  is  impermeable  strata;  the  rest  permeable.  Rains  falling  on 
the  impermeable  strata  alwa3rs  produce  the  highest  floods  at  Paris. 
The  floods  caused  by  the  tributaries  flowing  over  the  permeable  strata 
take  considerably  longer  in  reaching  Paris.  The  Seine,  consequently, 
remains  in  flood  for  several  days.  If  during  that  period  another 
rainfall  occurs,  a  higher  flood  follows.  The  river  may  continue  rising, 
therefore,  during  whole  months,  from  the  effects  of  successive  rains. 
Floods  on  the  other  great  rivers  of  France,  the  Rhone,  Garonne,  and 

*  The  information  and  data  here  given  was  taken  principally  from  three  sources: 
The  Report  of  the  Flood  Commission  of  Paris,  1910;  Les  Inondations  du  Bassin  dc 
la  Seine;  and  Observations  faites  sur  la  Seine  k  Paris  pendant  la  due  de  Janvier-- 
Fevrier-Mars,   1910.    M.  Arana.     (Annales  dee  Fonts  et  Chaussto,  1911,  VI, 
p.  600.) 
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Loire,  on  the  contrary,  are  generally  the  result  of  one  rainfall.    Their 
rise  is  rapid  and  high,  but  of  short  duration. 

The*  annual  rainfall  over  the  Seine  basin  during  the  37-year 
period,  1871-1907,  determined  from  the  average  of  the  records  at 
130  stations,  was  as  follows: 


Annual 

Annual 

Annual 

Annual 

Year 

RalnteU 

Year 

RalnfaU 

Year 

Rainfall 

Year 

RalDfaU 

1871.. 

. . .23.9 

1881.. 

...25.3 

1891 . . 

...27.8 

1901... 

.  .26.4 

1872.. 

. .  .34.6 

1882.. 

...34.0 

1892 . . 

...27.2 

1902... 

. .  .26.5 

1873 . . 

. .  .26.5 

1883.. 

...29.0 

1893.. 

. . .23.4 

1903... 

. .  .27.0 

1874.. 

. .  .21.5 

1884.. 

...24.0 

1894.. 

. .  .25.3 

1904... 

. .  .25.1 

1875.. 

. .  .28.2 

1885.. 

...30.4 

1895.. 

...26.8 

1905... 

. .  .28.2 

1876.. 

...27.6 

1886.. 

. . .31.8 

1896.. 

...30.4 

1906... 

...27.9 

1877. . 

. .  .32.4 

1887 . . 

. .  .24.2 

1897.. 

...27.0 

1907... 

.  .25.0 

1878.. 

.  .  .  o4.4 

1888.. 

. .  .28.0 

1898.. 

...23.2 

Mean. . 

.  .27.5 

1879.. 

...28.9 

1889.. 

. .  .26.7 

1899.. 

...26.1 

Max.. . 

..34.6 

1880.. 

. .  .29.7 

1890.. 

. .  .26.2 

1900.. 

. .  .25.7 

Min 

..21.5 

The  average  annual  rainfall  at  various  stations  in  the  upper  region 
of  the  basin  varies  considerably  from  the  general  average  of  all  the 
upper  region  stations.  Thus  the  maximum  average  annual  rainfall 
at  any  station  is  69.4  inches,  and  the  minimum  is  only  22.4  inches. 
About  46  per  cent  of  the  rain  falls  between  November  1  and  April  30, 
and  54  per  cent  between  May  1  and  October  31.  The  greatest  rain- 
fall is  in  the  upper  mountainous  part  of  the  basin,  the  next  greatest 
toward  the  sea,  and  the  least  amount  in  the  intermediate  region. 
Thus  the  region  around  Paris  receives  the  smallest-  amount  of  rainfall 
in  France,  the  annual  amount  being  only  22.9  inches. 

The  most  abundant  and  persistent  rains  rarely  cause  a  flood  in  the 
Seine  during  the  warm  season.  In  the  cold  season,  the  floods  are 
more  frequent;  but  even  then  they  are  rare  enough  to  class  the  Seine 
among  the  quiet  rivers.  During  the  18th  and  19th  centuries  there 
were  at  Paris  33  floods  of  16  to  20-foot  stages,  11  above  20  feet,  and  3 
disastrous  floods  above  23  feet.  During  the  same  two  centuries  there 
were  only  10  floods  during  the  warm  season,  which  reached  stages  of 
10  to  17  feet.  The  rainfall  statistics  show  that  although  heavy  rain- 
falls are  required  to  cause  great  floods  on  the  Seine,  they  do  not 
necessarily  produce  them. 

The  table  on  the  following  page  gives  the  rainfall  in  inches  at  15 
representative  stations  on  the  Seine  watershed  above  Paris,  which 
caused  four  great  floods  in  the  past  half  century. 

Studies  of  rainfall  on  the  Seine  basin  show  that  floods  of  the  cold 
season,  November  1  to  May  1,  of  any  considerable  height  at  Paris, 
have  always  been  preceded  by  a  warm  season  with  mote  than  the 

*  Supplement  au  Manuel  Hydrologique  du  Bassin  de  la  Seine,  1909. 
17 
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normal  rainfall  of  14.7  inches  in  the  basin  above.  This  was  the  case 
in  the  flood  of  January  28,  1910.  The  rainfall  in  the  warm  season  of 
1909  was  17.3  inches.  This  was  also  the  case  in  the  floods  of  ISOd- 
1897,  when  the  warm  season  rainfall  was  19.6  inches.  Two  floods 
followed  in  November,  1896,  and  February,  1897,  with  stages  of  17.4 
feet  and  18.4  feet,  respectively,  at  Paris.  It  also  requires  abundant 
rain  in  December  and  January,  to  bring  about  a  flood. 


Button 

Mean 
Annual 
lUlnfall 

Termor  B60- 
ord 

S09t.  33-24. 
IMS 

Mar.  15. 
1876 

NOT.ft- 

Deo.  0. 
1883 

Dee.  21. 

1882-Jan. 
8,1883 

LesSettons 

Pannetiere 

Saulien 

68.9 

35.0 
34.3 
29.8 
27.8 
38.8 
28.8 
37.6 
33.1 
37.4 
35.0 
29.6 

29.4 
29.5 
22.9 

1861-1880 
1861-1880 
1861-1880 
1861-1880 
1861-1880 
1861-1880 
1861-1880 
1865-1880 
1865-1880 
1861-1880 
1871-1880 
1866-1880 

1871-1880 
1859-1878 
1867-1880 

5.95 

4.76 
5.27 
3.82 
4.10 
4.88 
3.98 
3.23 
3.38 
2.40 
2.48 

1.77 
2.72 
1.38 

31.80 
9.06 

11.90 
6.54 
7.05 

10.00 
6.15 
9.05 
8.98 
9.90 
7.55 
7.00 

7.80 
8.31 
2.99 

19.40 

10.30 
9.34 
5.59 
6.94 
8.30 
7.88 

10.60 
8.70 

10.80 
8.58 
8.70 

6.57 
7.40 
5.79 

13.86 
3.50 

5.07 
2.40 
3.90 
5.40 
2.84 
5.75 
3.50 
4.40 
3.30 
2.91 

2.20 
4.05 
1.34 

Penilly 

Montoard 

Chanceaux 

Chantillon 

Chaumont 

Vassy 

Bar-fe-Duc 

La  NeuviUe 

Montmont 

Sainte- 
Menehould — 

HinK>n , , ,  . 

Parifl 

The  following  are  the  greatest  floods  which  have  occurred  at 
Paris.  The  table  indicates  that  great  floods  on  the  Seine  are  not  so 
frequent  as  on  many  other  rivers.  The  stages  are  at  la  Toumelle 
bridge,  Paris: 


Btaffo 

1649 25.2  feet 

1651 25.7 

1658 28.9 

1690 24.8    " 

1711 25.0 


tf 


tt 


tt 


Staffo 

1740 26,0  feet 

1764 24.0 

1802 24.4 

1836 21.0 

1876 21.3 

1910 27.6 


(( 


« 


tt 


tt 


tt 


This  shows  that  the  maximum  flood  at  Paris  occurred  in  1658  and 
reached  a  stage  of  28.9  feet  at  the  Pont  de  la  Tournelle.  Some  records 
show  that  a  greater  flood  occurred  in  1611  or  1615,  with  a  stage  of 
about  30  feet.  The  1658  record  is  called  the  maximum,  however. 
The  1910  flood,  which  reached  a  stage  of  27.6  feet,  was  next  in  size 
to  the  1658  flood.  It  is  claimed  by  some  authorities,  however,  that 
other  floods  intervened  which  had  greater  discharges,  though  recorded 
of  less  height  on  the  gage  because  the  channel  of  the  Seine  in  Pans 
had  a  greater  carrying  capacity  than  in  1910. 
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The  rains  which  brought  about  the  flood  of  January-February- 
March)  1910,  reaching  a  maximum  on  January  28,  occurred  in  three 
distinct  rainfall  periods.  The  rainfall  in  inches  during  each  of  these 
periods,  obtained  by  taking  the  average  of  the  records  at  15  repre- 
sentative stations,  was  as  follows:  During  the  period  November  28  to 
December  9,  1909,  the  average  rainfall  was  2.8  inches;  December 
15-31, 1909,  it  was  2.4  inches;  and  January  9-27, 1910  it  was  6.0  inches. 
During  the  maximum  4  days  of  the  last  period,  January  lS-21,  1910, 
the  average  rainfall  at  these  15  stations  was  3.1  inches.  The  maximum 
rainfall  for  this  4-day  period  occurred  on  the  basin  of  the  Yonne 
River,  a  tributary  which  enters  the  Seine  above  Paris.  At  the  3 
stations  of  maximum  rainfall  on  this  basin  the  amounts  were  6.1,  7.5, 
and  7.8  inches.  The  maximum  1-day  rainfall  also  occurred  at  these 
3  stations,  on  January  19,  being  2.6,  3.0,  and  3.0  inches,  respectively. 

The  river  at  Paris  began  rising  on  January  18  and  reached  its 
maximum,  27.6  fe^t  at  la  Tournelle,  Paris,  on  January  28,  where  it 
remained  practically  constant  12  hours.  The  crest  at  the  Pont  d' 
Austerlitz  was  28.3  feet.  It  then  fell  slowly  until  February  7,  when 
it  was  still  6  feet  above  the  lower  wharves  along  the  Seine,  which  are 
covered  at  a  stage  of  8.7  feet.  It  then  began  to  rise  again,  and  on 
February  12  reached  a  second  crest  of  17.9  feet  at  Austerlitz.  It 
stayed  17  hours  at  this  level,  fell  to  17.5  feet  at  Austerlitz  on  the  14th, 
and  then  rose  to  a  third  crest  of  18.4  feet  on  the  17th,  where  it  stayed 
for  8  hours.  It  then  fell  gradually  to  a  stage  of  14.4  feet  on  February 
22,  and  again  rose  gradually  to  the  fourth  crest  of  18.4  feet  on  March  1. 
The  river  slowly  receded  from  this  stage  until  March  15,  when  it 
exposed  the  lower  wharves. 

The  flow  of  the  Seine  at  Paris  in  the  1910  flood  has  been  variously 
estimated.  The  generally  accepted  figure  is  88,500*  second  feet,  or 
5.26  second  feet  per  square  mile  of  drainage  area.  This  was  for  a  gage 
height  of  27.6  feet  at  la  Tournelle,  Paris,  which  is  the  greatest  height 
reached  since  1658,  when  there  was  a  stage  of  28.9  feet  at  la  Tournelle. 
The  discharge  during  the  1658  flood  was  practically  the  same. 

Floods  in  the  Upper  Loire  Riverf 

The  part  of  the  Loire  considered  as  the  Upper  Loire  is  that  above 
the  department  of  Saone-et-Loire,  somewhat  southeast  of  the  center 
of  France.  It  drains  an  area  of  3090  square  miles,  stretching  from 
south  to  north  a  distance  of  180  miles,  lying  between  the  basins  of  the 
Ardfeche  and  Allier  Rivers. 

*  Annales  dee  Fonts  et  Chauss^es,  1911,  VI,  p.  600. 

t  Les  Crues  de  la  Loire  Sup6rieure,  by  M.  Jollois.  Annales  des  Fonts  et  Chaus- 
s^es,  1881, 1st  Semestre,  p.  273. 
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From  the  source  to  Saint-Just,  a  distance  of  113  miles,  the  Loire 
is  a  deep-bedded  torrent,  widening  out  in  only  four  small  submersible 
valleys  at  Brives,  Saint- Vincent,  Vorey,  and  Bas.  The  last  is  the 
greatest,  and  it  is  only  about  three  miles  long.  At  Saint-Just,  the 
Loire  enters  the  plain  of  Forez,  which  it  traverses  for  28  miles.  Then 
it  enters  the  gorge  of  Pinay,  which  is  19  miles  in  length;  and,  finally 
it  runs  through  the  plain  of  Roanne  for  about  20  miles. 

The  average  seasonal  and  annual  rainfall,  in  inches,  on  different 
parts  of  the  Upper  Loire  River  basin  is  tabulated  below.  These 
figures  were  determined  by  averaging  the  records  made  during  the 
10-year  period,  1861-1870,  at  4  stations  on  the  right  bank  of  the 
Upper  Loire,  at  5  stations  on  the  left  bank  of  the  Upper  Loire,  at  5 
stations  on  the  right  bank  of  the  Forez,  at  2  stations  each  on  the  left 
bank  of  the  Forez  and  on  the  right  and  left  banks  of  the  Roanne. 

Average  Seasonal  and  Annual  Rainfall,  in  Inches,  in  Upper  Loire  Basin 


winter 

Sprlns 

Bimuner 

Autumn 

Ycwr 

Upper  Loire: 
Kucht  bank 

9.63 
4.41 

5.18 
3.78 

6.88 
5.53 

11.40 

7.74 

8.44 
6.00 

8.62 
7.13 

9.25 
7.63 

8.87 
6.24 

9.03 
8.41 

15.82 
9.43 

9.91 

7.48 

9.57 
9.58 

46.10 

29.21 

32.40 
23.50 

34.10 
30.65 

Lett  bank 

Le  Forez: 
Riffht  bank 

Left  bank 

Roanne: 
Riidit  bank 

Left  bank 

The  author  recognizes  four  storm  types  and  gives  certain  data  for 
the  greatest  storm  of  each  type.    They  are: 

1.  Storms  produced  by  very  heavy  rainfall  on  the  Mezenc  Moun- 
tains in  the  Upper  Loire  basin,  with  little  or  no  rainfall  on  the  rest  of 
the  basin.    This  rainfall  is  generally  brought  by  south  winds. 

The  most  remarkable  storm  of  this  type  was  that  of  October  8-9, 
1878,  which  moved  from  south  to  north,  diminishing  in  intensity. 
The  average  distribution  of  the  rainfall  over  the  watershed  was  as 
follows: 

Mezenc  Mountain  region 7.88  inches 

Upper  basin  (exclusive  of  Mezenc  Mountains) 3.85      ** 

Forez  basin 2.12      " 

Roanne  basin 1.68      " 


Of  the  7.88  inches  which  fell  in  the  region  of  the  Mezenc  Mountains, 
6.78  inches  fell  on  October  8.  The  maximum  rainfall  fell  on  the  8th 
throughout  the  basin  except  at  one  station,  where  it  occurred  on 
the  7th. 
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2.  Storms  produced  by  a  general  rain  all  over  the  basin,  but 
heavier  in  the  upper  part.  This  type  of  rainfall  is  generally  accom- 
panied by  a  south  wind,  turning  to-southwest. 

The  greatest  storm  of  this  type  was  that  of  September  2^25, 
1866.  The  average  distribution  of  rainfall  over  the  watershed  was  as 
follows: 

Upper  Loire  basin 5.5  inches 

Forez  basin 3.8      " 

Roanne  basin 5.5      " 

The  24th  was  the  day  of  greatest  rainfall,  except  at  two  stations, 
at  one  of  which  the  maximum  occurred  on  the  23d  and  at  the  other 
on  the  25th. 

3.  Storms  produced  by  general  rain  over  all  the  basin,  but  greater 
below  the  mouth  of  the  Forez  than  above.  They  are  generally 
accompanied  by  winds  from  the  southwest  to  west. 

The  greatest  flood  produced  by  this  type  of  storm  was  that  of 
October  18-20,  1872,  in  which  the  maximum  rainfall  occurred  in  the 
Roanne  basin.  The  fore  part  of  the  month  was  very  rainy,  and  the 
ground  was  thoroughly  saturated.  The  average  distribution  of  rain- 
fall over  the  watershed  was  as  follows: 

Upper  Loire  basin 1.63  inches 

Forez  basin 4.00      " 

Roanne  basin 4.47      " 

The  maximmn  rainfall  in  the  Upper  Loire  and  Forez  basins  oc- 
curred on  the  18th;  in  the  Roanne  basin,  on  the  19th. 

4.  Storms  produced  by  light  rains  in  the  upper  basin  and  heavy 
rains  in  the  basins  of  the  lower  tributaries,  accompanied  by  much 
runoJBf  of  melted  snow.  Storms  of  this  type  are  generally  accompanied 
by  southwest  to  northwest  winds. 

The  greatest  recorded  storm  of  this  type  is  that  of  April  8-9,  1879. 
At  the  beginning  of  April  a  heavy  layer  of  snow  covered  all  the  Loire 
basin,  when  a  warm  wind,  accompanied  by  rain,  crossed  the  basin 
from  west  to  east.  The  flood  was  caused  mainly  by  melting  snow. 
The  average  distributiqn  of  rainfall  in  inches  on  April  7  and  8  was  as 
follows : 


April? 

Aprils 

Total 

Uoper  Loire  basin 

1.15 
0.50 
0.00 

0.81 
1.03 
1.16 

1.96 

1.53 
1.16 

Forez  basin 

Roanne  basip 

262  MIAMI  CONSERVANCY  DISTRICT 

The  floods  of  the  first  three  classes,  which  are  the  most  common, 
attain  their  maximum  the  same  day  as  the  maximum  rainfall.  Rain- 
fall observations  for  the  purpose  of  flood  prediction,  therefore,  are 
not  of  much  value.  The  rapidity  of  propagation  of  the  flood  peak  is 
greater  the  higher  the  flood. 

Except  at  a  few  points,  the  flood  wave  remains  within  the  banks 
in  the  upper  portion  of  the  stream. 

Floods  in  the  Garonne  River* 

The  Garonne  is  in  southern  France,  and  flows  westward  into  the 
Atlantic.  Above  Toulouse,  and  below,  on  the  left  bank,  the  river 
receives  the  drainage  from  the  Pyrenees;  on  the  right  bank,  below 
Toulouse,  it  is  fed  by  tributaries  from  the  central  table-land  of  France 
and  from  the  Cevennes  and  other  mountain  ranges. 

At  Toulouse  the  area  drained  by  the  Garonne  is  only  about  2400 
square  miles,  which  is  approximately  one-seventh  the  area  of  the 
Seine  basin  above  Paris,  yet  the  maximum  flow  of  the  Garonne  at 
Toulouse  is  six  times  that  of  the  Seine  at  Paris.  The  maximum 
floods  occur  in  the  spring  and  early  summer,  and  are  caused  by  rain 
and  melting  snow.  Two  of  the  greatest  floods  of  the  Garonne  occurred 
in  June  and  September,  1875. 

The  flood  of  June  21-24,  1875,  was  caused  by  4  days'  rainfall, 
averaging  about  6.7  inches  in  depth  at  11  representative  stations, 
accompanied  by  some  melting  snow  from  the  mountains.  The  maxi- 
mum 24-hour  rainfall  at  these  stations  averaged  about  3.4  inches  in 
depth.  The  rainfall  on  the  upper  basin  of  the  Tarn,  one  of  the 
Garonne  tributaries,  was  very  great.  At  4  typical  stations,  the 
records  were  7.7,  7.7,  7.6,  and  8.8  inches.  The  corresponding  maxi- 
mum 24-hour  readings  were  4.0,  3.7,  4.0,  and  5.8  inches.  The  dis- 
charge of  the  Tarn  resulting  at  Palisse  on  June  23  was  229,500  second 
feet.  In  this  flood,  540  lives  were  lost,  part  of  Toulouse  was  flooded 
and  destroyed,  and  a  number  of  villages  were  submerged. 

During  the  5-day  period,  September  9-13,  1875,  the  records  show  a 
remarkable  rainfall  covering  the  part  of  France  between  the  Loire 
basin,  the  Pyrenees,  and  the  Mediterranean  coast.  The  average 
rainfall  at  23  selected  stations  for  the  five  days  was  14.73  inches,  and 
the  24-hour  maximum  rainfall  averaged  for  these  stations  was  6.63 
inches.  The  widespread  and  record-breaking  rain  caused  the  greatest 
floods  known  in  that  part  of  France.  The  rain  and  floods  had  been 
greater  in  mountainous  parts,  but,  in  the  plains,  this  is  the  maximum 
on  record.    At  Saint-Gervais  there  was  recorded  12.6  inches  during 

*  Annales  des  PontB  et  Chauss^. 
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this  6-day  period.  During  the  4-day  period,  October  1^17,  1874, 
at  this  station,  however,  there  fell  34.8  inches  of  rainfall. 

One  of  the  stations  whose  record  was  used  in  determining  the 
above  averages,  that  of  Bleymard,  at  the  summit  of  the  Cevennes, 
received  22.8  inches  of  rainfall  during  the  5-day  period,  15.7  inches  of 
which  fell  on  the  13th.  At  Vialas,  at  the  source  of  the  Ardfeche  River, 
there  was  20.0  inches  during  the  5-day  period,  7.92  inches  of  which 
occurred  on  September  13th.  This  gave  a  flood  of  18.4  feet  at  Salavas, 
whereas  the  greatest  flood  known  on  the  Ardfeche  occurred  in  October, 
1827,  reached  55.8  feet  on  this  gage,  and  was  produced  by  a  rainfall 
of  31.2  inches  in  24  hours  at  Joyeuse,  a  station  in  the  basin. 

The  flood  of  the  Garonne  at  Toulouse  in  September,  1875,  was 
very  disastrous  to  life  and  property.  Over  200  dead  bodies  were 
found  after  the  flood,  and  many  other  lives  were  lost.  The  damage 
was  done  at  the  suburb  of  St.  C3rprien,  across  the  river  from  Toulouse. 
Toulouse  is  on  higher  ground  and  is  protected  by  massive  quays, 
^hich  have  been  built  out  into  the  river,  encroaching  on  the  channel. 
St.  Cyprien  is  on  low  ground  on  the  opposite  bank,  a  few  feet  above 
normal  river  stage,  and  occupies  a  triangular  tract  at  a  bend  in  the 
river,  across  which  is  the  natural  path  of  overflow.  The  central  and 
most  thickly  populated  part  of  St.  Cyprien,  in  1875,  lay  at  a  lower 
level  than  the  raised  bank  of  the  river  skirting  this  triangle.  A  mas- 
onry arch  bridge  and  several  low  dams  obstructed  the  channel,  in 
addition  to  the  quays.  The  flood  swept  across  the  suburb  and  did 
enormous  damage.  The  remedies  proposed  were  to  construct  a 
diversion  channel  back  of  St.  Cyprien,  across  the  bend;  to  replace  the 
bridge  by  one  of  greater  waterway;  to  widen  the  river  at  narrow 
points;  and  to  change  the  fixed  to  movable  dams.  The  diversion 
channel  was  estimated  to  cost  11,500,000. 

Floods  in  the  Durance  River* 

The  Durance  is  different  from  the  other  French  rivers.  The 
impermeability  of  its  basin,  the  great  number  and  the  elevation  of  its 
mountains,  its  meteorology  so  entirely  different  from  that  of  the 
rest  of  France,  and  finally  the  steep  slope,  not  only  of  the  river  but 
also  of  its  tributaries,  help  to  explain  the  fact  that  it  is  the  most 
extraordinarily  torrential  of  the  great  French  rivers. 

The  Durance,  located  in  the  southeast  of  France,  drains  an  area 
of  5730  square  miles  and  empties  into  the  lower  course  of  the  Rhone 
from  the  east.    It  is  about  190  miles  in  length,  in  the  course  of  which 

*La  Durance.  Regime,  Crues  et  Inondations,  by  M.  E.  Imbeaux.  Annales 
des  Fonts  et  Chauss^es,  1892,  Ist  Semestre. 
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it  falls  from  an  elevation  at  its  source  of  6760  feet  to  one  of  43  feet 
above  sea  level  at  its  mouth. 

The  rainfall  records  are  very  incomplete,  covering  only  a  short 
period.  Prior  to  1882  there  were  not  enough  rainfall  observing 
stations  to  determine  with  accuracy  the  annual  average  rainfall  over 
the  basin.  For  the  years  1882-1888,  however,  this  average  can  be 
very  well  determined  and  is  given  below. 

Annual  Rainfall,  in  Inches,  in  Duxance  Basin 


Baalii 

188a 

1883 

1884 

1885 

1880 

1887 

1888 

Mean 

Above  Mirabeau 

Below  Mirabeau 

Entire  basin 

32.1 
23.4 
30.4 

27.9 

20.0 

■26.2 

21.0 
20.0 
20.8 

34.0 
29.6 
33.1 

45.6 
32.3 
42.8 

29.7 
26.1 
29.0 

34.6 
29.0 
33.1 

32.2 
25.8 
30.8 

A  comparison  of  the  records  at  a  few  stations,  where  readings  extended 
back  from  30  to  57  years,  showed  that  the  1882-1888  period  was  one 
of  more  than  usual  rainfall,  and  the  average  for  the  basin  is  adopted 
by  the  author  as  27.6  inches,  which  is  less  than  the  mean  annual  for 
France  of  30.3  inches. 

The  number  of  days  of  rainfall  per  year,  however,  is  less  than  in 
any  other  part  of  France.  From  1882  to  1889  this  number  averaged 
only  68.  These  days  are  not  divided  equally  between  the  seasons. 
They  average  13  in  summer,  14  in  winter,  16  in  spring,  and  19  in 
autunm,  with  a  maximum  of  9  days  per  month,  in  November,  and  a 
minimum  of  3  days  per  month,  in  August. 

The  rainfall  is  not  divided  equally  between  the  seasons,  or  between 
the  months.  October  and  November  are  the  wettest  months,  the 
mean  rainfall  for  these  months  for  1882-1888  being  4.2  inches  and 
4.43  inches,  respectively,  or  about  one-seventh  the  annual  rainfall. 
The  driest  month  is  August,  with  a  mean  of  1.62  inches,  or  about  one- 
twentieth  of  the  mean  annual.  January,  February,  and  March  are 
also  dry  months.  The  result  is  that  winter  is  the  driest  of  the  seasons, 
with  a  mean  of  5.25  inches,  or  17  per  cent  of  the  mean  annual  rainfall. 
Spring  and  summer  have  about  23  per  cent  of  the  mean  annual. 
Autumn  is  the  wettest  season,  with  an  average  of  11.25  inches,  or  37 
per  cent  of  the  mean  annual.  The  great  rains  of  autumn  are  those 
that  produce  the  highest  floods.  The  geographical  distribution  of  the 
rainfall  over  the  basin  of  the  Durance  is  favorable  for  producing 
floods,  because  the  heaviest  rainfall  is  upon  the  steepest  and  most 
impermeable  parts. 

The  record  of  floods  is  of  much  greater  length  than  that  of  rainfall. 
Prior  to  1832,  however,  a  complete  record  of  floods  is  not  available, 
and  there  are  no  records  of  gage  heights  or  discharges.     Partial 
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records  l)ack  to  1226  show  numerous  floods,  generally  occurring  in 
the  autumn. 

From  1832  to  1890  there  were  188  floods.  Of  these,  46  were  great 
enough  to  cause  gage  heights  of  13  to  16  feet  or  over  at  Mirabeau, 
54  miles  above  the  mouth  of  the  stream  and  above  which  the  Durance 
has  a  drainage  area  of  4150  square  miles.  Of  the  46  floods,  7  reached 
16.5-foot  stages  at  Mirabeau.  There  were  as  many  as  9  floods  in  a 
single  year,  as  in  1848  and  1856;  and  there  were  only  9  years  during 
the  whole  period  which  were  exempt  from  floods  reaching  at  least  a 
10-foot  stage  at  Mirabeau. 

The  7  exceptional  floods  (16.5-foot  or  higher  gage  records  at 
Mirabeau)  occurred  in  1836,  1843,  1863,  1882,  and  3  in  1886.  The 
greatest  flood  was  the  last  of  the  three  in  1886,  which  occiured  on 
November  10-11,  causing  a  discharge  at  Mirabeau  of  about  237,000 
second  feet,  or  57  second  feet  per  square  mile.  This  was  practically 
equalled  by  the  flood  of  1843.  Such  floods  cause  approximately  20- 
foot  stages  in  the  Durance  at  Mirabeau.  The  shifting  character  of 
the  material  in  the  stream  bed  prevents  a  closer  comparison  of  different 
floods  by  means  of  gage  heights.  The  flood  of  October  28,  1882, 
had  a  maximum  discharge  at  Mirabeau  of  203,000  second  feet;  the 
flood  of  October  2&-27,  1886,  a  maximum  of  176,700  second  feet; 
and  the  flood  of  November  8, 1886,  a  maximum  of  191,000  second  feet. 

The  Durance  floods  generally  occur  either  in  spring,  from  March 
15th  to  June  15th,  or  in  the  fall,  from  September  15th  to  December 
15th.  Spring  floods  are  rarely  very  high.  Fall  floods  are  often  high 
and  dangerous.  Due  to  the  distribution  and  form  of  the  precipitation, 
winter  and  summer  are  almost  totally  free  from  floods.  Floods  of  the 
Durance  seldom  coincide  with  those  of  the  Rhone,  owing  to  the  very 
complex  regimen  of  the  latter  as  compared  with  that  of  the  former. 

This  paper,  by  the  engineer  in  charge  of  the  studies  on  the  Durance 
at  the  time,  outlines  the  results  of  the  work  done  by  order  of  the 
government  to  establish  a  basis  for  flood  prevention  measures.  The 
government  ordered  this  study  made  because  of  the  great  damage 
done  by  the  three  floods  of  1886. 

Floods  in  the  Tiber  River* 

The  drainage  area  of  the  Tiber  is  6455  square  miles.  The  mean 
annual  rainfall  over  the  basin  is  34.8  inches,  and  there  is  no  appreciable 
snow  fall. 

*  From  the  Proceedings  of  the  Institution  of  Civil  Engineers. 

The  Works  on  the  Tiber,  by  M.  Ronna.  Bulletin  de  la  Soci^t^  d'Encouragement 
pour  rindustrie  Nationale.    November,  1898. 

Deutsche  Bauzeitung,  1893,  p.  99. 

Ueber  die  Tiberregulierung,  Wochenschrift  des  Oesterreicluschen  Ingenieure 
und  Architekten  Verein.  1877,  p.  114. 
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The  first  flood  recorded  at  Rome  was  in  413  B.  C.  The  greatest 
flood  ever  recorded  was  that  of  1598,  A.  D.,  when  the  Tnaximnm 
discharge  was  106,000  second  feet,  or  16.4  second  feet  per  square 
mile.  The  second  greatest  flood  was  the  disastrous  flood  of  1S70, 
when  the  maTJmum  stage  was  8  feet  lower  than  in  1598.  However, 
the  actual  discharge  during  this  flood  was  but  little  less  than  that  of 
the  flood  of  1598,  the  great  difference  in  stage  being  due  to  obstructions 
and  encroachments  in  the  channel.  The  stage  in  1598  was  64.2  feet, 
in  1870  it  was  56.5  feet.  The  1870  flood  was  12  feet  deep  in  the 
streets  along  the  quays,  and  covered  about  one  half  the  inhabited 
area  of  the  city.  The  water  surface  slope  was  2.89  feet  per  nule  in 
the  6-mile  course  throui^  the  city.  In  the  upper  part  it  was  only 
0.8  foot  per  mile,  but  in  the  lower  part  it  was  5.81  feet  per  nule.  The 
obstruction  at  one  of  the  bridges  caused  a  difference  in  level  of  22 
inches. 


CHAPTER  XII.— APPLICATION  TO  MIAMI 
VALLEY  OF  STUDY  OF  GREAT 

STORMS 

In  preparing  plans  for  flood  prevention  in  the  Miami  Valley  one 
of  the  first  problems  requiring  definite  decision  was  the  size  of  the 
maximum  flood  against  which  protection  should  be  provided.  The 
engineer  at  once  recognizes  that  the  size  of  the  maximum  possible 
flood  cannot  be  determined  directly  from  the  size  of  the  maximum 
possible  rainstorm,  vital  as  this  may  be,  since  the  greatest  rainstorms 
do  not  necessarily  cause  the  greatest  floods.  Moreover,  the  flood 
prevention  works  of  the  Miami  Valley  on  occasion  will  submerge 
large  areas  of  valuable  agricultural  land.  A3  the  frequency  and 
depth  of  this  flooding  will  have  a  marked  effect  on  the  value  of  these 
lands,  the  design  of  the  works  was  materially  affected  by  the  desire 
to  secure  flood  protection  with  a  minimum  damage  to  the  land  above 
the  dams.  The  abiUty  to  make  accurate  estimates  of  the  frequency 
of  floods  of  any  given  magnitude  therefore  is  of  great  value. 

In  determining  the  size  of  the  greatest  flood  within  the  bounds  of 
probability,  which  may  occur  over  a  given  area,  there  are  three  pri- 
mary conditions  to  be  considered.     They  are: 

(1)  Topographic  conditions  affecting  the  rate  of  runoff,  such  as: 
size,  shape,  and  slope  of  drainage  area;  slope  and  condition  of  channel 
of  main  stream  and  tributaries;  number  and  position  of  tributaries; 
and  surface  cover  of  watershed. 

(2)  Geographic  location  of  the  drainage  area  with  regard  to  direc- 
tion and  path  of  storm  movement,  sources  of  moisture,  distance  from 
ocean  bodies,  and  location  of  mountain  ranges. 

(3)  Past  records  of  great  storms  and  corresponding  stream  stages, 
so  far  as  they  may  throw  Ught  on  the  maximum  storm  which  may 
occur  in  the  future.  The  time-area-depth  relations,  season  of  oc- 
currence, frequency,  and  geographic  location  are  the  principal  features 
of  former  storms  to  be  examined  in  determining  their  bearing  on  any 
flood  problem.  The  study  of  former  storms  should  not  be  confined 
to  those  which  have  occiured  over  the  given  drainage  basin,  especially 
if  the  past  record  is  for  comparatively  few  years,  since  greater  storms 
may  have  chanced  to  occur  over  other  areas  which  are  comparable 
in  nearly  every  respect.  This  raises  the  difficult  question  as  to  just 
what  other  areas  are  comparable  in  the  matter  of  the  greatest  storms 
to  which  they  are  subject. 

267 


268  MIAMI  CONSERVANCY  DISTRICT 

SIZE  OF  FLOOD  SELECTED  AS  BASIS  OF  DESIGN 

In  working  out  the  plans  for  protecting  the  Miami  Valley  against 
floods,  all  three  of  the  factors  just  mentioned  were  thoroughly  investi- 
gated. The  second  and  third  factors,  geographic  location,  and  past 
records  of  storms,  are  the  subjects  treated  in  this  volume.  After 
mature  consideration  of  all  of  these  factors  the  Official  Plan  for  flood 
protection  was  designed  to  provide  against  a  hypothetical  storm  which 
would  cause  a  maximum  flood  runoff  almost  40  per  cent  in  excess  of 
that  of  the  storm  of  March  23-27,  1913,  the  latter  having  caused  the 
greatest  rate  of  runoff  during  the  100  years  of  record  for  the  Miami 
River.  The  reasons  for  adopting  this  basis  will  now  be  discussed  in 
considerable  detail. 

GEOGRAPHIC  LOCATION  OF  MIAMI  VALLET  IN  ITS  RELA- 
TION TO  STORMS 

As  has  been  previously  stated,  the  general  direction  of  storm  move- 
ment in  the  United  States  is  from  west  to  east.  The  low  barometric 
centers  which  accompany  storms  generally  originate  in  the  northwest, 
west,  and  southwest.  Their  most  frequented  tracks  converge  and 
focus  in  eastern  Texas,  Oklahoma,  and  Arkansas,  and  then  either 
extend  up  the  Mississippi  and  Ohio  Valleys  or  pass  off  the  south 
Atlantic  coast  in  Georgia  or  South  Carolina.  Occasionally  a  storm 
travels  northwest  across  the  gulf,  then  changes  its  direction  to  north 
or  northeast  through  Texas,  Oklahoma,  Missouri,  Illinois,  Indiana, 
and  Ohio.  This  is  the  characteristic  path  of  West  Indian  hurricanes. 
The  location  of  the  160  largest  storms  which  occurred  in  the  eastern 
part  of  the  United  States  during  the  25-year  period  1892-1916  can  be 
clearly  seen  by  referring  to  figures  60  to  57. 

Heavy,  long-continued  rains  in  the  United  States  obtain  their 
supply  of  water  largely  from  the  Gulf- of  Mexico  and  the  Atlantic 
Ocean.  A  large  part  of  the  rain  of  the  Miami  Valley  doubtless  comes 
from  the  ocean  and  gulf,  and  on  account  of  the  long  distance  of  land 
travel,  and  the  higher  latitude,  the  greatest  rainfall  in  southwestern 
Ohio  cannot  be  nearly  as  heavy  as  may  occur  over  the  south  Atlantic 
and  Gulf  states.  In  traveUng  such  long  distances  over  land  the  air» 
laden  with  moisture  when  it  leaves  the  ocean  or  gulf,  is  subject  to 
large  variations  of  temperature,  the  average  of  which  is  gradually 
decreasing  with  increasing  latitude.  This  causes  the  air  to  lose  much 
of  its  moisture.  The  effect  of  distance  of  land  travel  and  increasing 
latitude  in  decreasing  the  depth  of  storm  rainfall  is  plainly  evident 
in  all  of  the  investigations  described  in  chapters  V  to  VIII. 

Not  aU  the  rainfall  of  the  northern  interior  part  of  the  United 
States,  however,  comes  directly  from  the  ocean  and  gulf.    A  large 
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part  of  the  rainfall  of  southwestern  Ohio,  especially  during  the  summer 
months,  is  water  that  has  evaporated  from  the  forests  and  fields  to 
the  south  of  it.  The  forests  and  fields  of  Missouri  and  Arkansas, 
for  instance,  will  evaporate  water  at  the  rate  of  one-eighth  of  an  inch, 
and  perhaps  one-fourth  of  an  inch  a  day,  as  long  as  the  supply  is 
plentiful.  As  just  stated,  this  is  largely  the  source  of  water  supply 
in  the  frequent  thunderstorms  of  the  summer  months.  Such  storms, 
however,  while  they  may  have  considerable  depths  over  limited  area&, 
are  rarely  if  ever  the  cause  of  serious  flood  damage  in  the  Miami 
River.  From  this  it  appears  that  after  all,  the  sources  of  moisture 
of  destructive  storms  in  the  Miami  Valley  are  the  ocean  and  gulf, 
and  the  maximum  intensity  of  rainfall  in  such  storms  is  subject  to  the 
limitations  imposed  by  latitude  and  distance  of  land  travel. 

Another  geographic  feature  that  tends  to  reduce  the  maximum 
rainstorm  which  can  occur  in  the  Miami  Valley  is  the  location  of  the 
Appalachian  Mountains  to  the  east  and  southeast.  The  effect  of 
high  moimtains  in  preventing  the  passage  of  great  quantities  of  water 
vapor  is  discussed  in  chapter  III. 

From  the  foregoing  discussion  it  will  be  seen  that  the  Miami 
Valley  is  located  in  one  of  the  principal  paths  of  storms.  It  is  so 
shielded  from  the  two  primary  sources  of  moisture,  however,  that  the 
otherwise  possible  maximum  storm  is  greatly  reduced. 

GREAT  STORMS   OF  THE  PAST  AS  APPLIED   TO   MIAMI 

VALLEY   CONDITIONS 

The  three  factors,  time,  area,  and  depth  are  necessary  in  deter- 
mining the  absolute  and  relative  sizes  of  storms.  These  factors  were 
determined  for  33  of  the  largest  and  most  important  storms  which 
have  occurred  in  the  eastern  part  of  the  United  States  during  the 
past  75  years,  and  the  results  are  given  and  discussed  in  chapter  VIII. 
In  deciding  which  of  these  storms  are  applicable  to  Miami  Valley 
conditions  it  is  necessary  to  consider  their  geographical  distribution; 
and  to  determine  which  of  those  applicable  would  cause  the  greatest 
floods  if  duplicated  in  the  Miami  Valley,  it  is  necessary  to  consider 
their  seasonal  distribution.  These  subjects  are  discussed  in  chapter 
VII. 

Of  the  33  great  storms  for  which  detail  investigations  were  made, 
we  may  at  once  eliminate  from  consideration  the  16  in  the  southern 
group.  The  investigation  of  all  the  factors  which  influence  the  size 
of  storms  in  the  northern  interior  of  the  United  States  furnishes  con- 
clusive evidence  that  these  southern  storms  cannot  be  duplicated  in 
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the  Miami  Valley.  Of  the  17  etonns  in  the  northern  group,  5  were 
east  of  the  Appalachian  Mountains,  and  could  not  be  duplicated  in 
the  Miami  Valley  on  account  of  the  barrier  these  mountains  furnish 
against  the  passage  of  great  quantities  of  water  vapor.  The  remaining 
12  storms  in  the  northern  group  are  those  which,  within  the  limits 
of  possibility,  may  be  considered  applicable  to  the  Miami  watershed, 
although  only  one  of  them,  that  of  March  23-27,  1913,  caused  a  con- 
siderable flood  in  the  Miami  River.  A  list  of  these  12  storms,  with 
the  center  and  date  of  occurrence  of  each,  is  given  in  table  11.  There 
will  also  be  found  tabulated  the  maximum  average  depth  of  rainfall 
in  each  storm  over  an  area  of  4000  square  miles,  expressed  as  a  per- 
centage of  the  maximum  average  depth  of  the  storm  of  March  23-27, 
1913,  over  an  equal  area,  for  1  to  5-day  periods.  The  numbers  in 
this  table  are  computed  from  depths  taken  from  the  time-area-depth 
curves,  figures  94  to  98. 

This  table  shows  which  storms  exceeded  that  of  March,  1913. 
For  the  maximum  period  of  one  day,  storms  72  and  83  materially 
exceeded  storm  132.  Both  were  Iowa  summer  storms.  Storm  72 
lasted  4  days,  but  except  for  the  first  day  it  was  practically  the  same 
size  as  storm  132  over  an  area  of  4000  square  miles  at  the  center; 
number  83,  the  Devils  Creek  storm  of  June  9-10, 1905,  fell  principally 
in  12  hours,  and  altogether  in  24  hours.  For  the  1-day  maximum 
period  those  two  storms  exceeded  that  of  1913  by  33  and  35  per  cent, 
respectively.  It  was  early  recognized,  however,  that  a  1-day  maximum 
rainfall  is  of  too  short  duration  to  use  as  a  basis  for  designing  flood 
protection  works  for  the  Miami  Valley.  A  storm  of  longer  duration, 
although  the  rainfall  on  the  maximum  day  might  be  considerably 
smaller,  could  easily  cause  a  more  serious  flood. 

The  2-day  maximum  average  depth  of  the  1913  storm  over  an 
area  of  4000  square  miles  is  exceeded  in  only  four  cases,  and  the 
greatest  of  these,  storm  114,  October  4-6,  1910,  over  Illinois,  exceeds 
it  by  only  9  per  cent.  Since  the  2-day  maximum  period  is  still  too 
short  to  cause  the  most  destructive  floods  in  the  Miami  Valley,  we 
may  pass  this  without  further  comment. 

In  the  investigation  of  local  conditions  in  the  Miami  VaUey  it  was 
found  that  the  maximum  3-day  period  in  a  storm  would  place  the 
greatest  burden  on  a  system  of  protection  works.  Hence  it  is  the 
maximum  3-day  period,  more  than  any  other,  which  is  used  as  a 
basis  of  comparing  the  sizes  of  the  12  great  storms  applicable  to  the 
Miami  Watershed.  In  table  11,  storms  114  and  151  stand  out  pre- 
eminently for  the  3-day  period.  These  two  storms  have  several 
features  in  common.  They  differ  but  little  in  average  depth,  area 
covered,   geographical   location,   and   season   of  occurrence.    Both 
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occurred  during  the  summer  and  early  fall^  when  atmospheric  condi- 
tions are  most  conducive  to  maximum  rates  and  depths  of  rainfaU, 
but,  fortimately,  when  the  percentage  of  runoff  is  generally  least. 
The  centers  of  both  of  them  were  far  south  of  the  Miami  Watershed, 
and  it  is  very  questionable  indeed  if  such  storms  can  occur  over  the 
latter  area.  It  is  still  more  doubtful  if  such  storms  could  occur  during 
the  winter  months,  when  the  large  percentage  and  rates  of  runoff 
cause  the  greatest  floods. 

Table  11. — Comparatiye  Intensities  of  12  Great  Storms  Applicable  to  the  Miami 

Valley,  for  Maximum  Periods  of  1  to  5  Days 

The  greatest  average  depth  of  rainfall  over  an  area  of  4000  square  miles  is 
expressed  as  a  per  cent  of  the  depth  for  the  corresponding  period  and  area  of  the 
storm  of  March  23-27,  1913. 


storm 

Date 

Center 

PeriodB  of  Maximum  Rainfall 

1-Day 

2-Day 

8-Day 

4-Day 

6-Day 

15 

51 

72 

83 

86 

109 

110 

114 

125 

130 

132 

151 

Dec.  17-20,1895 

July  14-16,1900 

Aug.  25-28,1903 

June    9-10,1905 

Sept.  15-19,  1905 

July     5-7,1909 

July  20-22,1909 

Oct.     4-  6,1910 

July  20-24,1912 

Jan.  10-12,1913 

Mar.  23-27,  1913 

Aug.  17-20,1915 

Mo. 

Iowa 

Iowa 

Iowa 

Mo. 

Mo. 

Wis. 

111. 

Wis. 

Ark. 

Ohio 

Ark. 

95 
100 
133 

135 
95 
86 
83 

102 

100 
108 
104 

107 
106 
105 

103 

102 

93 

76 

76 

109 

101 

96 

80 

130 

105 

103 

64 

83 
100 
110 

75 
100 
108 

79 
100 
125 

100 
123 

100 

Of  the  12  storms  listed,  all  but  2  occurred  during  the  summer 
months.  One  of  the  2  winter  storms,  number  130,  had  an  average  3- 
day  maximum  depth  only  79  per  cent  as  great  as  that  of  March  1913. 
The  other  winter  storm,  number  15,  December  17-20,  1895,  is  7  per 
cent  in  excess  of  storm  132  for  the  3-day  maximum  period  and  4000 
square  mile  area.  The  two  are  quite  similar  in  average  depth  and 
area  covered  for  other  maximum  periods.  This  storm  is  also  in  the 
southern  Missouri-Illinois-Arkansas  storm  area. 

The  only  one  of  the  12  storms  which  materially  exceeds  number 
132  for  the  4-day  period  is  storm  151,  which  has  already  been  dis- 
cussed for  its  3-day  maximum  depth.  It  needs  no  further  mention 
here,  since  it  exceeded  storm  132  for  the  4-day  period  by  23  per  cent, 
as  compared  to  25  per  cent  for  the  3-day  period. 

Only  3  of  the  12  storms  lasted  5  days.  These  are:  number  86, 
September  15-19, 1905,  which  had  an  average  depth  3  per  cent  greater 
than  storm  132;  number  125,  which  had  an  average  depth  only  64 
per  cent  as  great  as  storm  132;  and  number  132,  March  23-27,  1913. 
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From  the  foregoing  analysis  of  the  greatest  storms  of  the  past  75 
years  which  are  applicable  to  Miami  Valley  conditions,  it  is  seen  that 
storm  132  was  much  farther  north  than  either  of  the  two  storms  that 
greatly  exceeded  it  in  depth.  Only  two  other  storms  occurred  during 
the  winter  months,  both  of  which  were  much  farther  south  in  the 
Mississippi  Valley,  and  only  one  of  these,  number  15,  was  comparable 
in  size  to  storm  132.  It  is  apparent,  then,  that  storm  132,  March 
23-27,  1913,  was  unusually  great  for  the  region  of  its  occurrence, 
and  this  is  given  additional  emphasis  by  the  fact  that  it  occurred  in 
late  winter.  Certainly,  from  the  storm  evidence  of  the  past  75  years 
there  is  no  indication  that  it  will  ever  be  greatly  exceeded  in  the 
region  of  the  Miami  Valley. 

RELATION  OF  GREAT  STORMS  TO  MAXIMUM  POSSIBLE 

If  it  were  necessary  to  depend  wholly  on  the  records  of  storms 
t^hich  have  occurred  in  the  United  States,  it  might  be  thought  possible 
for  moderately  great  storms  to  occur  over  a  period  of  a  few  hundred 
years,  and  then  to  find,  as  an  exception,  a  storm  three  or  four  times 
as  great.  Theoretically  that  is  very  improbable,  simply  because  water 
vapor  in  sufficient  quantities  cannot  be  transported  from  the  ocean  or 
gulf  fast  and  long  enough  to  cause  such  exceptional  storms.  As  stated 
in  chapter  XI,  however,  records  were  collected  of  the  stages  of  rivers 
in  Europe  for  long  periods  of  time,  and  these  furnish  fairly  conclusive 
proof  that  such  great  exceptional  storms  actually  do  not  occur.  On 
the  Danube  at  Vienna,  for  instance,  we  have  records  since  about  the 
year  1000  A.  D.;  fairly  accurate  records  are  available  for  stages  of 
floods  in  the  Tiber  at  Rome  for  more  than  2,000  years;  and  records 
have  been  made  of  floods  on  the  Seine  at  Paris  for  a  long  period  of 
years. 

The  greatest  flood  stage  on  the  Danube  at  Vienna,  during  the  900- 
year  period  for  which  records  are  available,  was  reached  in  the  year 
1501.  This  was  about  30  to  35  per  cent  greater  than  the  maximum 
flood  of  the  past  100  years,  that  of  1899,  which  was  the  third  greatest 
flood  of  the  entire  period.  The  second  greatest  flood  on  the  Danube 
at  Vienna  occurred  in  1787,  and  was  about  85  per  cent  as  large  as  the 
greatest  flood  recorded  in  900  years.  This  is  some  indication  of 
what  may  be  expected  in  the  Miami  VaUey  during  the  course  of  a 
thousand  years,  as  to  how  much  the  most  extreme  flood  may  exceed 
the  greatest  flood  recorded  in  a  75  or  100-year  period.  The  Danube 
record  has  been  kept  with  as  great  accuracy  as  that  of  any  river  in 
Europe. 

In  Paris  accurate  records  of  the  heights  of  floods  are  available  for 
the  past  three  hundred  years.    In  1611  the  river  reached  a  stage  of 
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thirty  feet,  the  highest  stage  ever  recorded.  In  1910  it  reached  a 
stage  only  two  and  one  half  feet  less;  in  1658  it  reached  a  stage  about 
a  foot  less  than  the  1611  stage;  and  there  have  been  a  number  of 
floods  of  only  three  or  four  feet  less  than  the  maximiun  of  1611.  The 
salient  fact  is  that  the  great  floods  have  alw^ya  remained  within  three 
or  four  feet  of  each  other,  and  there  has  been  no  phenomenal  flood 
that  brought  down  half  again  or  twice  as  much  water  as  other  great 
floods. 

Records  of  the  Tiber  at  Rome  have  been  kept  with  some  degree  of 
accuracy  since  413  B.  C.  The  greatest  flood  which  ever  occurred  at 
Rome  was  in  1598,  A.  D.,  but  in  1870  there  was  a  flood  of  about  the 
same  stage,  and  in  the  last  few  years  there  have  been  other  floods 
but  little  smaller.  Here  again  we  find  that  the  maximum  flood  of  a 
thousand  or  two  thousand  years  is  closely  approached  by  other  large 
floods  which  occur  with  much  greater  frequency. 

In  the  United  States  records  are  not  available  for  a  sufficient 
length  of  time  to  determine  with  confidence  just  what  relation  the 
maximum  recorded  storms  bear  to  the  greatest  storms  that  might 
occur  in  one  or  two  thousand  years.  It  is  necessary,  therefore,  to 
provide  a  factor  of  safety  larger  than  would  be  required  if  our  records 
extended  through  several  hundred  years. 

REASONS  FOR  CHOOSING  AS  BASIS  OF  DESIGN,  A  FLOOD 
40  PER  CENT  GREATER  THAN  THAT  OF  MARCH  1913 

After  making  the  extensive  investigation  of  storms  in  the  eastern 
United  States,  it  is  beUeved  that  the  March,  1913,  flood  is  one  of 
the  great  floods  of  centuries  in  the  Miami  Valley.  In  the  course  of 
three  or  four  hundred  years,  however,  a  flood  15  or  20  per  cent  greater 
may  occur.  We  do  not  beUeve  a  flood  will  ever  occur  which  is  more 
than  20  or  25  per  cent  in  excess  of  that  of  March  1913.  There  is  a 
factor  of  ignorance,  however,  against  which  we  must  provide,  and  the 
only  way  to  do  this  is  arbitrarily  to  increase  the  size  of  the  maximum 
flood  provided  for.  If  longer  records  were  available  a  closer  estimate 
could  be  made,  but  in  planning  works  on  which  the  protection  of  the 
Miami  Valley  depends,  it  is  necessary  to  go  beyond  human  judgment. 
This  has  been  done  on  all  the  other  phases  of  the  design,  and  we  believe 
it  would  not  be  good  engineering  practice  to  stop  at  our  judgment  on 
this  phase.  We  must  be  able  to  say  that  the  engineering  works  are 
absolutely  safe  in  every  respect.  For  this  reason  provision  is  made 
for  a  flood  nearly  40  per  cent  greater  than  that  of  March  1913.  This 
is  15  or  20  per  cent  in  excess  of  what  is  believed  to  be  the  greatest 
possible  flood  that  will  ever  occur. 
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APPENDIX.— TIME-AREA-DEPTH  DATA 

The  tables  give  the  essential  time-area^epth  data  for  the  33  storms 
for  which  maps  and  curves  were  drawn.  The  storms  are  arranged 
chronologicaUy;  and  in  each  case,  the  computations  for  the  maximum 
1-day  period  are  given  first,  those  for  the  maximum  2-day  period, 
second,  and  so  on  until  all  the  computations  are  given. 

The  first  column  gives  the  periods  of  maximum  rainfall;  the  second 
column  gives  the  rainfall  centers.  These  centers  are  indicated  by 
the  letters  used  to  designate  them  on  the  storm  maps,  figures  58  to  93. 
The  sequence  of  these  letters  for  a  given  period  of  a  given  storm 
indicates  the  manner  in  which  the  different  centers  were  combined. 
Attention  is  caUed  to  the  fact  that  a  given  letter  does  not  necessarily 
identify  the  same  center  for  different  periods  of  rainfall  of  a  given 
storm.  In  each  case  the  letters  apply  only  to  the  centers  indicated 
on  the  corresponding  map. 

The  third  column  shows  the  isohyetal  depths  for  which  the  enclosed 
areas  and  average  depths  of  rainfall  are  given  in  the  fourth  and  fifth 
columns,  respectively.  The  abbreviations  Max,  and  Min,  in  the 
third  cofumn  indicate  whether  the  center  is  a  peak  or  depression  area; 
and  the  figures  opposite,  in  the  fifth  column,  give  the  maximum  or 
minimum  depths  of  precipitation  at  the  centers. 

The  area  in  square  miles,  in  the  fourth  column,  is  computed  to  2 
significant  figures  for  quantities  up  to  1000,  and  to  3  significant  figures 
for  greater  amounts.  The  average  depths  of  rainfaU  are  computed  to 
the  nearest  tenth  of  an  inch. 

Not  all  of  the  areas  and  corresponding  average  depths  of  rainfall 
were  used  in  platting  the  time-area-depth  curves.  Only  those  corre- 
sponding to  the  largest  peaks  were  used.  OccasionaUy,  as  for  the 
maximum  1-day  period  of  the  storm  of  July  14-16,  1916,  the  curve 
represents  data  taken  from  two  or  more  peaks.  For  convenience  in 
reference,  the  figures  in  the  fifth  column  used  in  constructing  the 
curves  are  shown  in  bold-faced  type. 
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STORM  a,  OCTOBER  3-4,  1869 


a 

f 


2da3rB 
Oct. 
3-4 


B 


ABC 
D 


Max. 
12 
11 
10 

9 

8 

7 
Max. 

8 

7 
Max. 

7 

6 
Max. 

8 

7 

6 


I 


s 

a 
I 


14 

110 

320 

770 

1,550 

3,260 

82 
3,680 

1,140 
20,300 

140 
3,660 
7,840 


12.4 

12.2 

11.6 

10.8 

10.0 

9.2 

8.3 

8.1 

8.1 

7.5 

8.0 

7.5 

7.0 

8.1 

8.1 

7.5 

7.0 


2  days 
Oct. 
3-4 


£ 
F 

G 

AtoG 

H 

I 
Atol 


Max. 

6 
Max. 

7 

6 
Min. 

5 

5 

4 
Max. 

5 

4 
Min. 

3 

3 

2 


I 


S 

a 

I 


900 

270 
770 

96 
53,000 
81,400 

180 
1,220 

920 
122,000 
185,000 


STORM  b,  JULY  27-31,  1887 


6.6 
6.3 
8.0 
7.5 
6.9 
4.0 
4.5 
6^ 
5.7 
5.8 
5.4 
4.6 
2.3 
2.6 
5.0 
4.1 


Iday 

A 

Max. 

10.0 

2  days 

A 

3 

21,200 

5.5 

July 

10 

14 

10.0 

July 

B 

Max. 

8.6 

29 

9 

150 

9.5 

2^-30 

8 

550 

8.3 

8 

520 

8.8 

7 

1,150 

7.9 

7 

1,270 

8.0 

6 

1,890 

7.3 

6 

2,400 

7.3 

5 

2,300 

7.0 

5 

3,930 

6.6 

4 

3,190 

6.3 

4 

6,300 

5.8 

3 

4,750 

5.4 

3 

9,360 

5.1 

C 

Max. 

4.6 

2 

13,800 

4.2 

4 

230 

4.3 

B 

Max. 

8.1 

3 

1,070 

3.7 

8 

260 

8.1 

D 

Min. 

1.7 

7 

1,000 

7.7 

2 

360 

1.8 

6 

1,810 

7.1 

AtoD 

2 

66,300 

3.7 

5 

2,560 

6.6 

3  days 

A 

Max. 

16JS 

4 

2,960 

6.4 

July 

16 

14 

16.3 

3 

3,750 

5.8 

28-30 

15 

82 

15.6 

2 

4,890 

5.0 

14 

300 

14.8 

C 

Max. 

2.2 

13 

740 

14.0 

2 

5,890 

2.1 

12 

1,380 

13.3 

D 

Max. 

2.9 

11 

2,310 

12.6 

2 

200 

2.5 

10 

3,890 

11.7 

2  days 

A 

Max. 

14.1 

9 

5,800 

11.0 

July 

14 

14 

14.1 

8 

8,040 

10.3 

29-^ 

13 

110 

13.6 

7 

10,900 

9.6 

12 

380 

12.8 

6 

15,300 

8.7 

11 

890 

12.1 

5 

20,400 

7.9 

10 

1,440 

11.5 

4 

27,300 

7.0 

9 

2,190 

10.8 

3 

41,600 

5.8 

8 

3,370 

10.0 

B 

Max. 

8.6 

7 

4,740 

9.3 

8 

620 

8.3 

6 

6,710 

8.6 

7 

1,270 

7.9 

5 

9,350 

7.6 

6 

1,920 

7.4 

4 

13,900 

6.6 

5 

2,660 

6.9 
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STORM  b,  JULY  27-31,  1887  (Continued) 


3  days 

July 

28-^ 


4  days 

July 

27-30 


B 
C 


ABC 
A 


B 


AB 


ABC 
D 


E 


4 

3 
Max. 

5 

4 

3 

2 
Max. 
16 
15 
14 
13 
12 
11 
10 
Max. 
12 
11 
10 

9 

8 

7 

6 

5 
Max. 

5 

4 
Max. 

8 

7 

6 

5 

4 
Max. 

5 

4 


3,760 
10,100 

55 

640 

1,510 

96,400 

14 

96 

300 

780 

1,490 

2,520 

4,270 

27 

160 

410 

8,020 

11,900 

16,100 

21,100 

27,400 

710 
43,000 

1,100 
1,740 
2,600 
3,920 
5,740 

96 
880 


6.2 

4.5 

5.1 

5.1 

4.6 

4.0 

4.2 

16.5 

16.3 

15.6 

14.8 

14.0 

13.3 

12.6 

11.7 

12.1 

12.1 

11.6 

10.9 

10.8 

10.0 

9.4 

8.7 

8.0 

5.6 

5.3 

6.7 

8.6 

8.3 

8.0 

7.5 

6.8 

6.1 

5.1 

5.1 

4.6 


,4  days 
'  July 
27-30 

5  days 

July 

27-31 


F 

AtoF 

A 


B 
AB 


D 
CD 

AtoD 

£ 

F 

AtoF 


Min. 

3 

3 

2 
Max. 
16 
15 
14 
13 
12 
11 
Max. 
12 
11 
10 

9 

8 

7 

6 

5 
Max. 

8 

7 
Max. 

7 

6 

5 

4 
Max. 

5 

4 
Min. 

3 

3 

2 


I 


9 

m 


I 


12,900 
106,000 
131,000 

27 

190 

700 

1,560 

2,810 

4,350 

96 
360 
8,090 
12,200 
15,800 
19,900 
25,800 
33,300 

970 
1,850 

140 

7,900 

15,100 

72,400 

140 
1,560 

3,370 
117,000 
149,000 


2.0 

2.5 

4.8 

4.4 

16J; 

16.3 

15.6 

14.8 

14.1 

13.4 

12.7 

12.4 

12.2 

11.7 

11.7 

11.0 

10.4 

9.8 

9.1 

8.2 

8.6 

8.3 

7.9 

7.7 

7.4 

6.8 

6.2 

6.6 

5.1 

5.1 

4.5 

2.5 

2.7 

6.4 

4.8 


STORM  c. 

MAY  31-JUNE  1,  1889 

Iday 

A    • 

Max. 

8.4 

1  day 

AtoE 

4 

29,800 

6.6 

May 

8 

96 

8.2 

May 

F 

Max. 

6.3 

31 

7 

330 

7.7 

31 

6 

140 

6.2 

B 

Max. 

7.7 

5 

1,920 

5.5 

7 

1,000 

7.5 

4 

4,700 

4.9 

C 

Max. 

7.6 

AtoF 

3 

53,600 

4.8 

7 

190 

7.3 

2 

81,000 

4.0 

ABC 

6 

6,160 

6.8 

2  days 

A 

Max. 

9.8 

5 

11,100 

6.2 

May 

9 

220 

9.4 

D 

Max. 

7.1 

31- 

8 

1,260 

8.6 

7 

1,440 

7.1 

June  1 

7 

3,720 

7.9 

6 

3,660 

6.7 

B 

Max. 

8.6 

E 

Max. 

6.6 

8 

110 

8.3 

6 

41 

6.4 

7 

620 

7.6 

DE 

5 

7,910 

6.1 

AB 

6 

8,310 

7JS 
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STORM  c,  MAY  31-JUNE  1,  1889  (Continued) 


2  days 
May 
31- 

June  1 


D 


I 


Max. 

8 

7 

6 
Min. 

4 

5 


I 

I 

a 

I 


410 
2,740 
6,160 

110 
290 


8.3 
8.2 
7.6 
7.0 
3.6 
3.8 
4.2 


2  days 
May 
31- 

June  1 


I 


E 
AtoE 


STORM  10,  MAY  18-22,  1894 


D 


1  day 

A 

Max. 

5.8 

3  days 

May 

5 

780 

5.4 

May 

21 

4 

2,180 

4.8 

19-21 

3 

6,020 

4.0 

2 

11,400 

3.3 

2  days 

A 

Max. 

9.0 

May 

9 

40 

9.0 

20-21 

8 

140 

8.6 

7 

530 

7.8 

6 

1,020 

7.2 

B 

Max. 

8.9 

8 

48 

8.4 

7 

810 

7.6 

6 

1,370 

7.1 

C 

Max. 

7.7 

7 

260 

7.5 

6 

930 

6.8 

D 

Max. 

7.9 

7 

57 

7.5 

6 

540 

6.6 

E 

Min. 

4.3 

6 

380 

4.7 

AtoE 

6 

7,460 

6.2 

4 

10,800 

5.7 

3 

24,500 

4.5 

4  days 

F 

Max. 

3.4 

May 

3 

980 

3.2 

18-21 

G 

Max. 

3.4 

3 

370 

3.2 

U 

Max. 

6.0 

5 

270 

5.5 

4 

530 

5.0 

3 

960 

4.3 

I 

Max. 

3.3 

3 

250 

3.2 

A  to  I 

2 

56,600 

3.4 

3  days 

A 

Max. 

9.2 

May 

9 

14 

9.1 

19-21 

8 

160 

8.5 

B 

Max. 

9.0 

8 

82 

8.5 

C 

Max. 

8.7 

8 

200 

8.3 

ABC 

7 

1,720 

7.7 

AtoD 
E 


AtoF 
G 


AtoH 
I 

A  to  I 
A 


B 


ABC 
D 


AtoD 
E 


Max. 
6 
5 
4 
3 
2 


I 

g 

a 

I 


230 
30,600 
43,600 
62,200 
95,400 


6.2 
6.1 
6.3 
5.7 
5.1 
4.2 


Max. 

7.7 

7 

82 

7.3 

6 

4,230 

7.0 

Min. 

4.6 

5 

120 

4.8 

Max. 

8.2 

8 

27 

8.1 

7 

660 

7.5 

6 

1,400 

7.0 

5 

9,980 

6.3 

4 

15,500 

6.7 

Max. 

9.0 

9 

27 

8.9 

8 

120 

8.6 

7 

370 

7.9 

6 

860 

7.1 

5 

1,930 

6.2 

4 

11,900 

4.8 

Max. 

4.6 

4 

680 

4.3 

3 

49,200 

4.5 

Max. 

3.9 

3 

1,030 

3.4 

2 

74,800 

3.8 

Max. 

10.1 

10 

14 

10.0 

9 

69 

9.6 

8 

250 

8.8 

Max. 

9.4 

9 

20 

9.2 

8 

250 

8.6 

Max, 

9.0 

9 

27 

9.0 

8 

410 

8.5 

7 

3,500 

7.8 

6 

5,460 

7.3 

Max. 

8.2 

8 

68 

8.1 

7 

850 

7.6 

6 

1,520 

7.1 

5 

10,900 

6.6 

Max. 

9.8 

9 

20 

9.4 

8 

164 

8.6 
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STORM  10,  MAY  18-22,  1894  (Continued) 


4  days 
May 
18-21 


5  days 
May 
18-22 


£ 


AtoE 
F 


G 


H 

GH 

I 

A  to  I 
J 

K 


AtoK 
A 


B 

C 

BC 


7 

6 

5 

4 
Max. 

8 

7 

6 

5 

4 
Max. 

7 

6 

5 
Max. 

5 

4 
Max. 

4 

3 
Min. 

2 
Max. 

4 

3 

2 
Max. 
10 

9 

8 
Max. 

9 
Max. 

9 

8 


I 

S 

B 

I 


580 

1,040 

2,920 

27,400 

14 

110 

290 

550 

1,070 

490 
1,750 
5,170 

370 
10,400 

250 
57,000 

380 

370 

2,850 

94,900 

14 
120 
820 

140 

580 
1,600 


7.8 
7.2 
6.1 
5.5 
8.1 
8.0 
7.5 
6.9 
6.2 
5.4 
7.9 
7.4 
6.8 
5.9 
5.1 
5.0 
5.2 
5.0 
4.5 
4.8 
1.8 
1.9 
4.3 
4.2 
3.6 
3.9 
10.1 
10.0 
9.5 
8.6 
9.8 
9.4 
9.7 
9.4 
8.9 


5  days 
May 
18-22 


D 
E 

AtoE 

F 


G 


H 


Atol 
J 

A  to  J 
K 


AtoK 


Max. 

8 
Min. 

6 

7 

7 

6 

5 
Max. 

9 

8 

7 

6 

5 
Max. 

9 

8 

7 

6 

5 
Max. 

•7 

6 

5 
Max. 

5 

4 
Min. 

3 

3 
Max. 

4 

3 

2 


I 


190 

41 

200 

6,580 

9,650 

14,500 

27 

82 

410 

900 

2,340 

27 

160 

450 

1,030 

2,030 

940 
2,990 
7,230 

410 
45,800 

140 
61,400 

370 

2,850 

112,000 


STORM  13,  SEPTEMBER  24-26,  1894 


8.7 
8.4 
5.5 
5.8 
6.4 
8.0 
7.5 
6.8 
9.0 
9.0 
8.6 
7.7 
7.1 
6.1 
9.9 
9.4 
8.7 
7.9 
7.1 
6.3 
7.9 
7.4 
6.8 
6.0 
5.2 
5.1 
5.7 
2.8 
2.9 
5.1 
4.4 
4.2 
3.6 
4.0 


1  day 

A 

Max. 

12.5 

1  day 

AB 

4 

12,600 

6.6 

Sept. 

12 

59 

12.2 

Sept. 

3 

16,400 

5.9 

26 

11 

180 

11.8 

26 

C 

Max. 

6.0 

10 

360 

11.1 

5 

3,060 

5.5 

9 

620 

10.4 

4 

7,060 

4.9 

8 

910 

9.8 

3 

10,800 

4.4 

7 

1,300 

9.1 

ABC 

2 

35,600 

4.6 

6 

1,720 

8.5 

2  days 

A 

Max. 

12.5 

B 

Max. 

11.3 

S^t. 

12 

130 

12.2 

11 

74 

11.2 

25-26 

11 

560 

11.7 

10 

750 

10.5 

10 

1,210 

11.0 

9 

1,370 

10.1 

B 

Max. 

12.0 

8 

2,210 

9.5 

11 

1,580 

11.6 

7 

3,520 

8.8 

10 

2,940 

11.0 

6 

4,830 

8.2 

AB 

9 

6,810 

10.4 

AB 

5 

8,960 

7.5 

8 

9,680 

9.9 
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STORM  IS,  SEPTEMBER  24-26,  1894  (Continued) 


a 

I 


2  days 
Sept. 
25-26 


3  days 

Sept. 

24-26 


ABC 


D 


AtoD 


B 


1  day 

Dec. 

19 


2  days 

Dec. 

18-19 


B 


ABC 
A 


B 


ABC 
D 

£ 

AtoE 
F 


I 


Min. 

3 

4 

5 

6 

7 

7 

6 

5 

4 
Max. 

5 

4 

3 

2 
Max. 
12 
11 
Max. 
12 
11 


1 

§ 

S 

I 


14 

110 

250 

490 

770 

13,800 

17,800 

25,500 

35,300 

4,510 

7,000 

54,000 

62,400 

260 
1,100 

260 
2,330 


a 

I 


8 

I 


r 


2.9 

3.0 

3.4 

4.0 

4.8 

5.4 

9.0 

8.5 

7.6 

6.7 

6.0 

5.5 

5.2 

5.8 

5.4 

12.5 

12.2 

11.7 

12.6 

12.3 

11.6 


3  days 

Sept. 

24-26 


AB 
C 


ABC 
D 


AtoD 


E 


AtoE 


10 

9 
Max. 
11 
10 

9 

8 
Min. 

4 

5 

6 

7 

7 

6 

5 

4 
Max. 

5 

4 

3 

2 


STORM  16,  DECEMBER  17-20,  1895 


Max. 

5 

4 

3 
Max. 

4 

3 
Max. 

3 

2 
Max. 

9 

8 

7 

6 

5 
Max. 

6 

5 
Max. 

5 

4 
Max. 

4 
Max. 

4 

3 
Min. 

2 


6,440 
15,800 
34,900 

490 
900 

3,000 
89,800 

460 

1,770 

4,150 

13,100 

27,100 

55 
2,000 

1,110 
73,000 

960 

940 
129,000 

1,230 


5.8 
5.4 
4.9 
4.1 

4.2 
4.1 
3.8 
3.7 
3.4 
3.2 
9.6 
9.3 
8.7 
8.0 
7.0 
6.2 
6.2 
6.1 
5.5 
5.6 
5.3 
5.2 
4.2 
4.1 
4.4 
4.2 
4.5 
1.1 
1.6 


2  days 
Dec. 
18-19 

3  days 
Dec. 
17-19 


G 

AtoG 

A 


4  days 
Dec. 
17-20 


B 

AB 

C 

ABC 
D 

AtoD 
E 

F 
AtoF 

A 


I 


s 

I 


5,650 
8,790 

140 

490 

1,040 

15,700 

27 

120 

250 

520 

24,400 

32,600 

37,600 

40,900 

3,440 

7,120 

55,000 

62,800 


I 


11.2 
10.6 

12.0 
11.5 
10.8 
10.1 
9.8 
3.5 
3.8 
4.4 
4.9 
5.8 
8.9 
8.3 
7.9 
7.6 
6.0 
5.5 
5.0 
6.8 
6.2 


Max. 

3.2 

3 

180 

3.1 

2 
Max. 

212,000 

3.7 
11.9 

11 

82 

11.4 

10 

660 

10.6 

9 

8 

Max. 

3,390 
5,790 

9.7 
9.2 

9.2 

9 

120 

9.1 

8 

880 

8.2 

7 

6 

Max. 

13,400 
24,400 

8.3 
7.5 

6.9 

6 

5 

Max. 

1,100 
61,600 

6.4 
6.3 

5.4 

5 

490 

5.2 

4 
Max. 

101,000 

5.6 

6.0 

5 

470 

5.5 

4 
Max. 

1,110 

4.9 
4.5 

4 

160 

4.2 

3 

2 

Max. 

145,000 
235,000 

5.0 

4.0 

12.2 

12 

21 

12.1 

11 

210 

11.5 

10 

630 

10.8 
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STORM  15,  DECEMBER  17-20,  1895  (Continued) 


4  days 

UCCa 

17-20 


I 


A 
B 

AB 
C 
D 


9 

8 
Max. 

9 

8 

7 

6 
Max. 

6 
Max. 


3,820 
6,650 

120 

820 

15,100 

31,000 

1,770 


9.7 
9.2 

9.3 
9.2 
8.6 
8.3 
7.4 
6.7 
6.4 
6.3 


4  days 

Dec. 

17-20 


D 
AtoD 

E 


F 
AtoF 


6 

5 

4 
Min. 

2 

3 
Min. 

3 

3 

2 


1 

3 
a 

I 


580 

77,600 

122,000 

380 
1,560 

530 
174,000 
254,000 


6.2 
6.3 
5.6 
1.8 
1.9 
2.4 
2.4 
2.7 
4.9 
4.1 


STORM  24,  MARCH  22-23,  1897 


1  day 

A 

Max. 

10.3 

2  days 

A 

Max. 

11.5 

March 

10 

120 

10.1 

March 

11 

410 

11.3 

22 

9 

410 

9.7 

22-23 

10 

1,830 

10.7 

8 

890 

9.0 

9 

4,270 

10.0 

7 

1,560 

8.4 

8 

6,910 

9.4 

6 

3,100 

7.6 

7 

9,760 

8.9 

5 

4,610 

6.8 

6 

13,900 

8.2 

4 

6,600 

6.1 

5 

18,600 

7.5 

B 

Max. 

6.0 

4 

30,100 

6.3 

5 

55 

5.4 

3 

38,400 

5.7 

4 

990 

4.6 

2 

65,100 

4.4 

AB 

3 
2 

18,700 
27,800 

4.5 
3.8 

STORM  25,  JULY  12-14,  1897 


1  day 

A 

Max. 

8.1 

2  days 

B 

5 

560 

5.7 

July 

8 

55 

8.1 

Ju.y 

AB 

4 

15,200 

5.5 

13 

7 

230 

7.7 

13-14 

3 

25,000 

4.7 

6 

1,060 

6.8 

2 

33,300 

4.2 

5 

2,410 

6.1 

3  days 

A 

Max. 

10.3 

4 

7,270 

5.0 

July 

10 

60 

10.2 

, 

3 

12,500 

4.4 

12-14 

9 

560 

9.6 

B 

Max. 

3.2 

8 

1,500 

8.9 

3 

530 

3.1 

7 

2,410 

&4 

C 

Max. 

3.8 

6 

3,680 

7.8 

3 

190 

3.4 

5 

8,550 

6.4 

ABC 

2 

22,600 

3.6 

B 

Max. 

6.8 

2  days 

A 

Max. 

10.3 

6 

250 

6.4 

July 

10 

41 

10.2 

5 

1,080 

5.7 

13-14 

9 

480 

9.6 

AB 

4 

20,200 

5.4 

8 

1,460 

8.8 

C 

Max. 

5.5 

7 

2,260 

8.4 

5 

860 

5.2 

6 

3,560 

7.7 

4 

8,020 

4.6 

5 

6,710 

6.7 

AC 

3 

51,700 

4.4 

B 

Max. 
6 

110 

• 

6.8 
6.4 

2 

74,200 

3.9 
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STORM  43,  JUNE  27-JULY  1,  1899 


g 

1 

1 
93 

1 

a? 

1 

1 

S 

a 

1 

S 

a 

si 

1 

a 

i 
J 

i 

1 

1 

< 

h 

i 

« 

1 
> 

1 

1 

i 

Iday 

A 

Max. 

11.0 

3  days 

AB 

10 

12,800 

14.5 

June 

10 

190 

10.5 

June 

9 

16,200 

13.4 

29 

9 

440 

10.0 

28-30 

8 

20,500 

12.4 

8 

2,140 

8.8 

7 

24,200 

11.6 

7 

3,220 

8.4 

6 

28,500 

10.9 

6 

5,120 

7.7 

5 

33,100 

10.1 

5 

8,260 

6.8 

4 

39,800 

9.2 

4 

12,300 

6.1 

3 

47,800 

8.2 

B 

Max. 

8.1 

2 

59,400 

7.1 

8 

120 

8.1 

4  days 

A 

Max. 

33.0 

7 

380 

7.7 

June 

30 

96 

31.6 

6 

590 

7.3 

27-30 

25 

250 

29.1 

5 

1,120 

6.5 

20 

580 

25.3 

4 

1,970 

5.6 

19 

670 

24.5 

AB 

3 

20,500 

5.2 

18 

740 

24.0 

2 

28,600 

4.5 

17 

780 

23.6 

2  days 

A 

Max. 

22.0 

16 

890 

22.7 

June 

20 

68 

21.0 

B 

Max. 

20.1 

28-29 

15 

300 

18.3 

20 

110 

20.0 

14 

380 

17.5 

19 

630 

19.6 

B 

Max. 

14.6 

18 

1,620 

19.0 

14 

530 

14.3 

17 

3,110 

18.3 

AB 

13 

1,970 

13.4 

16 

4.790 

17.6 

12 

3,720 

13.0 

AB 

15 

7,610 

17.7 

11 

5,350 

12.5 

14 

9,240 

17.1 

10 

7,100 

12.0 

13 

11,500 

16.4 

9 

10,800 

11.2 

12 

13,300 

15.9 

8 

14,600 

10.5 

11 

15,200 

15.3 

7 

16,800 

10.1 

10 

17,500 

14.7 

6 

19,300 

9.6 

9 

19,800 

14.1 

5 

22,400 

9.0 

8 

22,500 

13.4 

4 

31,200 

7.8 

7 

28,700 

12.1 

3 

39,800 

6.8 

6 

35,100 

11.1 

2 

47,200 

6.2 

5 

42,000 

10.2 

3  days 

A 

Max. 

33.0 

4 

48,100 

9.5 

June 

30 

82 

31.5 

3 

55,600- 

8.7 

28-30 

25 

220 

29.0 

2 

69,800 

7.4 

20 

550 

25.1 

5  days 

A 

Max. 

# 

33.0 

19 

620 

24.5 

June 

30 

96 

31.5 

,  13 

680 

23.9 

27- 

. 

25 

250 

29.1 

17 

740 

23.4 

July 

20 

580 

25.3 

16 

790 

22.9 

1 

19 

670 

24.5 

B 

Max. 

20.0 

18 

740 

24.0 

20 

110 

20.0 

17 

780 

23.6 

19 

550 

19.6 

16 

890 

22.7 

18 

1,120 

19.0 

B 

Max. 

20.8 

17 

1,970 

18.4 

20 

110 

20.4 

16 

2,960 

17.8 

19 

670 

19.6 

AB 

15 

5,150 

18.0 

18 

1,640 

19.0 

14 

6,050 

17.4 

17 

3,310 

18.2 

13 

7,800 

16.6 

16 

5,200 

17.6 

12 

9,020 

16.0 

AB 

15 

7,640 

17.7 

11 

10,100 

15.5 

14 

9,270 

17.2 
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STORM  43,  JUNE  27-JULY  1,  1899  (Continued) 


5  days 

June 

27- 

July 


I 


i 


AB 


1 


13 
12 
11 
10 
9 
8 


1  dajr 

A 

Max. 

April 
16 

12 
11 
10 
9 
8 
7 
6 
5 
4 
3 

B 

Max. 
5 
4 
3 

AB 

2 

• 

C 

Max. 
10 
9 
8 
7 
6 
5 

D 

Max. 
9 
8 

' 

7 
6 

E 

Max. 
6 

DE 

5 

F 

Min. 
3 
4 

G 

Min. 
3 
4 

CtoG 

4 

H 

Min. 
3 

I 

Max. 
4 

Ctol 

3 

a 
I 


11,600 
13,500 
15,400 
17,500 
20,000 
22,600 


16.4 
15.9 
16.3 
14.8 
14.1 


5  days 

June 

27- 

July 

1 


I 


i 

« 

p 


AB 


7 
6 
5 
4 
3 
2 


STORM  49,  APRIL  15-17,  1900 


1 

mm 

s 

a 

I 


29,400 
36,200 
44,300 
53,100 
62,500 
77,000 


12.1 

ILO 

10.0 

9.1 

8.3 

7J8 


12.7 

1  day 
April 

J 

Min. 

1.4 

55 

12.4 

2 

850 

1.7 

140 

11.8 

16 

CtoJ 

2 

42,400 

4.5 

250 

11.2 

2da}rs 

A 

Max. 

12.7 

440 

10.4 

April 

12 

82 

12.4 

680 

9.8 

16-17 

11 

590 

11.6 

890 

9.2 

10 

2,810 

10.7 

1,230 

8.5 

9 

6,110 

10.1 

1,630 

7.8 

8 

10,800 

9.4 

2,380 

6.7 

7 

14,700 

8.9 

4,050 

5.4 

6 

18,000 

8.4 

5.0 

B 

Max. 

12.8 

82 

5.0 

12 

68 

12.4 

810 

4.6 

11 

160 

11.8 

1,780 

4.0 

10 

520 

10.9 

9,010 

4.1 

9 

990 

10.2 

10.8 

8 

3,040 

9.1 

370 

10.4 

7 

4,790 

8.5 

1,160 

9.8 

C 

Max. 

7.4 

2,870 

9.0 

7 

140 

7.2 

4,160 

8.6 

D 

Max. 

8.0 

5,570 

8.0 

7 

270 

7.5 

7,430 

7.4 

BCD 

6 

10,500 

7.4 

9.3 

£ 

Max. 

9.5 

120 

9.2 

9 

68 

9.3 

370 

8.7 

8 

200 

8.7 

680 

8.2 

7 

370 

8.2 

1,120 

7.5 

6 

730 

7.3 

6.4 

AtoE 

5 

42,400 

7.3 

680 

6.2 

F 

Max. 

5.5 

6,840 

5.9 

.5  , 

2,330 

5.3 

2.3 

G 

Max. 

5.2 

150 

2.6 

5 

55 

5.1 

410 

3.2 

AtoG 

4 

60,600 

6.5 

2.5 

H 

Min. 

1.7 

68 

2.7 

2 

96 

1.8 

150 

3.1 

3 

510 

2.4 

23,700 

5.8 

I 

Min. 

2.9 

2.3 

3 

82 

2.9 

270 

2.6 

A  to  I 

3 

85,400 

5.6 

4.2 

2 

110,000 

4.9 

140 

4.1 

3da^8 

A 

Max. 

13.9 

33,000 

5.1 

April 

13 

82 

13.5 

15-17 

12 

250 

12.8 
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STORM  49,  APRIL  15-17,  1900  (Continued) 


3  days 

April 

15-17 


A 
B 


AB 


D 


11 
Max. 
12 
11 
10 

9 

8 

7 
Max. 
13 
12 
11 
10 

9 

8 

7 
Max. 

9 

8 


I 


680 

96 

1,940 

6,480 

9,840 

13,300 

18,000 

68 
360 
1,370 
2,920 
4,870 
8,520 
11,900 

82 
370 


a 


I 


12.0 

12.8 

12.4 

11.5 

11.0 

10.5 

10.0 

9.3 

13.8 

13.4 

12.7 

11.8 

11.1 

10.4 

9.6 

9.0 

9.5 

9.3 

8.7 


3  days 

Apnl 

15-17 


D 

E 


AtoF 
G 

AtoG 
H 

AtoH 
I 

A  to  I 


7 
Min 

4 

5 

6 
Min. 

6 

6 
Max. 

6 

5 
Max. 

5 

4 
Min. 

3 

3 

2 


STORM  61,  JULY  14-16,  1900 


STORM  63,  MARCH  26-29,  1902 


850 

27 
140 
530 

150 
43,200 

68 

2,400 
69,100 

68 

94,400 

121,000 


a 

li 


8.0 
3.9 
3.9 
4.5 
5.2 
5.1 
5.5 
8.4 
6.4 
6.2 
7.8 
5.7 
5.4 
7.1 
2.9 
2.9 
6.2 
5.4 


Iday 

A 

Max. 

7.0 

2  days 

ABC 

4 

10,400 

July 

6 

1,370 

6.5 

July 

3 

15,900 

15 

5 

3,830 

5.9 

14-15 

2 

28,400 

4 

6,430 

5.3 

3  days 

A 

Max. 

3 

9,310 

4.8 

July 

13 

68 

2 

14,300 

4.0 

14-16 

12 

270 

2  days 

A 

Max. 

13.0 

11 

550 

July 

13 

27 

13.0 

10 

1,160 

14-15 

12 

150 

12.6 

9 

1,920 

11 

370 

12.0 

B 

Max. 

w 

10 

680 

11.3 

9 

96 

9 

1,100 

10.6 

AB 

8 

4,220 

8 

1,780 

9.8 

7 

6,020 

B 

Max. 

8.1 

6 

8,020 

8 

140 

8.1 

5 

11,000 

AB 

7 

4,380 

8.4 

4 

16,400 

6 

6,160 

7.9 

C 

Max. 

5 

7,830 

7.4 

5 

1,460 

C 

Min. 

3.9 

4 

5,020 

4 

aio 

3.9 

ABC 

3 
2 

36,800 
60,200 

1  day 

A 

Max. 

9.0 

1  day 

AB  . 

6 

5,820 

March 

9 

68 

9.0 

March 

5 

11,000 

28 

8 

660 

8.6 

28 

4 

17,600 

7 

1,680 

7.9 

3 

22,000 

B 

Max. 

8.6 

C 

Max. 

8 

140 

8.3 

4 

140 

7 

530 

7.7 

3 

1,060 

6.7 

5.6 

4.2 

13.7 

13.4 

12.7 

12.1 

11.2 

10.6 

9.6 

9.3 

9.4 

8.9 

8.2 

7.5 

6.5 

5.5 

5.3 

4.7 

5.0 

3.9 


7.0 
6.3 
5.6 
5.2 

4.0 
4.0 
3.6 
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STORM  63,  MARCH  26-29,  1902  (Continued) 


1 

1 

g 

1 

. 

^ 

a 

E 

_ 

^ 

a 

a- 

1 

1 

e 

s 

a^ 

1 

1 

e 

< 

si 

1 

S 

a 

1 

a 

f 

si 

1 

1 

1 

a 

1 

« 

1 

1 

< 

1 

t 

i 

1 

1 

1  day 

D 

Max. 

4.8 

3  days 

F 

Max. 

8.3 

March 

4 

700 

4.4 

March 

8 

68 

8.2 

28 

3 

1,710 

3.9 

26-28 

7 

410 

7.6 

AtoD 

2 

68,100 

3.6 

AtoF 

6 

29,800 

7J5 

2  days 

A 

Max. 

9.7 

5 

44,800 

6^ 

March 

9 

200 

9.5 

G 

Max. 

7.0 

27-28 

8 

450 

9.0 

6 

1,640 

6.5 

7 

880 

8.2 

5 

3,980 

5.9 

B 

Max. 

9.0 

AtoG 

4 

73,900 

6.0 

9 

96 

9.0 

3 

107,000 

5.2 

8 

730 

8.6 

H 

Max. 

6.7 

7 

2,260 

7.8 

6 

120 

6.4 

AB 

6 

7,160 

7.1 

5 

370 

5.8 

5 

12,000 

6.5 

4 

1,100 

4.9 

C 

Min. 

3.3 

3 

2,400 

4.2 

4 

370 

3.7 

AtoH 

2 

194,000 

4.0 

D 

Max. 

7.0 

4  days 

A 

Max. 

11.8 

7 

250 

7.0 

March 

11 

100 

11.4 

6 

1,190 

6.6 

26-29 

10 

440 

10.7 

5 

3,010 

5.9 

9 

1,290 

9.9 

E 

Max. 

8.5 

B 

Max. 

10.8 

8 

5,240 

8.5 

10 

250 

10.4 

7 

9,420 

8.1 

9 

940 

9.7 

6 

13,700 

7.6 

C 

Max. 

10.0 

5 

17,300 

7.2 

9 

440 

9.5 

AtoE 

4 

57,700 

5.8 

D 

Max. 

9.7 

3 

72,300 

5.3 

9 

250 

9.4 

F 

Max. 

6.2 

E 

Max. 

9.4 

6 

18 

6.1 

9 

340 

9.2 

5 

420 

5.5 

AtoE 

8 

10,400 

8.9 

4 

1,350 

4.8 

F 

Max. 

9.5 

3 

2,860 

4.1 

9 

960 

9.2 

AtoF 

2 

105,000 

4.5 

8 

2,180 

8.8 

3  days 

A 

Max. 

11.8 

AtoF 

7 

25,500 

8J{ 

March 

11 

76 

11.4 

G 

Max. 

8.3 

26-28 

10 

310 

10.7 

7 

300 

7.7 

9 

750 

10.0 

AtoG 

6 

46,700 

7.4 

8 

1,680 

9.2 

5 

67,000 

6.8 

B 

Max. 

10.8 

H 

Max. 

6.3 

10 

190 

10.4 

6 

68 

6.2 

9 

630 

9.8 

5 

480 

5.6 

C 

Max. 

9.4 

AtoH 

4 

90,200 

6.2 

9 

340 

9.2 

3 

129,000 

5.4 

D 

Max. 

9.5 

I 

Max. 

4.5 

9 

610 

9.2 

4 

360 

4.2 

BCD 

8 

4,930 

8.8 

3 

3,580 

3.6 

AtoD 

7 

14,400 

8.1 

J 

Hax. 

4.1 

E 

Max. 

10.0 

4 

190 

4.0 

9 

440 

9.5 

3 

2,230 

3.6 

8 

1,430 

8.8 

A  to  J 

2 

268,000 

3.9 

7 

3,130 

8.1 

1 
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STORM  72,  AUGUST  25-28,  1903 


1 

1 

J 

1 

j 

1 

S 

B 

1 

1 

1 

a 

|fl 

1 

1 

B 

1 

1 

1 

a 

\a 

1 

i 

i 

& 

1 

< 

I 

i 

1 

1 

< 

1  day 

A 

Max. 

11.2 

3  days 

A 

Max. 

15.5 

Aug. 

11 

110 

11.1 

Aug. 
26-28 

15 

10 

15.2 

27 

10 

520 

10.6 

14 

35 

14.4 

9 

920 

10.1 

13 

95 

13.8 

8 

1,510 

9.5 

12 

180 

13.3 

7 

2,460 

8.7 

11 

470 

12.2 

6 

3,290 

8JS 

10 

1,280 

11.1 

B 

Max. 

6.2 

9 

2,040 

10.5 

6 

96 

6.1 

8 

3,390 

9.7 

AB 

5 

4,860 

7.8 

7 

5,210 

8.9 

4 

6,670 

6.6 

6 

7,960 

8.1 

C 

Max. 

4.8 

5 

12,800 

7.1 

4 

190 

4.4 

4 

24,300 

5.9 

D 

Max. 

4.6 

B 

Max. 

6.4 

4 

330 

4.3 

6 

20 

6.2 

AtoD 

3 

12,400 

5.1 

5 

100 

5.7 

E 

Min. 

0.5 

4 

260 

5.0 

1 

55 

0.7 

C 

Max. 

4.3 

2 

250 

1.3 

4 

1,420 

4.2 

AtoE 

2 

20,000 

4.1 

ABC 

.3 

44,900 

4.8 

F 

Max. 

5.3 

D 

Max. 

4.5 

5 

300 

5.2 

4 

40 

4.2 

4 

890 

4.7 

3 

220 

3.6 

3 

2,120 

4.0 

E 

Min. 

1.5 

2 

3,460 

3.4 

2 

9,240 

1.7 

2  days 

A 

Max. 

14.7 

AtoE 

2 

104,000 

3.4 

Aug. 

14 

14 

14.4 

F 

Max. 

r 

4.4 

26-27 

13 

55 

13.6 

4 

620 

4.2 

12 

120 

13.0 

3 

5,470 

3.6 

11 

410 

11.9 

2 

17,700 

2.8 

10 

710 

11.3 

4  days 

A 

Max. 

15.5 

9 

1,100 

10.7 

Aug. 

15 

20 

15.2 

8 

1,780 

9.9 

25-28 

14 

65 

14.8 

7 

2,810 

9.0 

13 

160 

14.0 

6 

3,640 

8.4 

12 

250 

13.4 

B 

Max. 

10.2 

11 

590 

12.3 

10 

27 

10.1 

10 

1,380 

11.3 

9 

140 

9.6 

9 

2,020 

10.7 

8 

410 

8.9 

8 

3,540 

9.8 

7 

1,570 

7.9 

7 

5,220 

9.1 

6 

3,220 

7.2 

6 

8,200 

8.1 

AB 

5 

10,300 

7.1 

5 

13,800 

7.1 

C 

Max. 

5.5 

4 

27,600 

5.8 

5 

55 

5.3 

B 

Max. 

6.6 

ABC 

4 

15,500 

6.5 

6 

30 

6.3 

D 

Max. 

5.0 

5 

130 

5.7 

5 

55 

5.0 

4 

320 

5.0 

4 

660 

4.5 

C 

Max. 

4.3 

E 

Min. 

2.5 

4 

1,820 

4.2 

^ 

3 

200 

2.7 

ABC 

3 

51,800 

4.8 

F 

Max. 

4.8 

D 

Max. 

6.0 

4 

41 

4.4 

5 

95 

5.5 

AtoF 

3 

29,200 

5.1 

4 

210 

5.0 

2 

43,200 

4.3 

3 

560 

4.0 
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STORM  72,  AUGUST  25-28,  1903  (Continued) 


I 

8 

ii 


if 
1 


4  days, 
Aug.  j 
25-28 


£ 


Max. 
4 
3 


I 

i 

a 

I 


1,130 
8,040 


4.4  4  days 
4.2     Aug. 

3.5  ,  25-28 


F 
AtoF 


8 

a 

I 
I 


Min. 
2 
2 


8 
I 

a 

I 


a» 


o 


V 

< 


'    1.0 

9,180       1.5 

144,000  j    3.3 


1  day 

A 

Max. 

Oct. 

11 

9 

10 
9 

8 

7 

B 

Max. 

7 

AB 

6 

C 

Max. 

6 

ABC 

5 

D 

Min. 
4 

E 

Min. 
4 

F 

Max. 

7 

G 

Min. 

■ 

6 

FG 

6 
5 

H 

Min. 
4 

AtoH 

4 

3 
2 

2  days 

A 

Max. 

Oct. 

14 

8-9 

13 

STORM  76,  OCTOBER  8-9,  1903 


55 

82 

140 

640 

780 

96 
3,290 

190 
5,300 

41 

480 

590 

41 

1,660 
2,740 

41 

17,900 
24,200 
30,500 

27 
68 


11.5 

2  days 

A 

12 

140 

13.1 

11.3 

Oct. 

11 

330 

12.2 

11.0 

»-9 

10 

680 

11.3 

10.4 

9 

1,300 

10.4 

8.9 

< 

8 

3,420 

9.2 

8.7 

7 

5,300 

8.6 

7.4 

B 

Max. 

9.8 

7.2  1 

9 

82 

9.4 

7.0' 

8 

360 

8.7 

6.9  1 

C 

Min. 

6.2 

6.5  > 

7 

27 

6.6 

6.5  : 

BC 

7 

1,660 

7.8 

3.4 

D 

Min. 

5.2 

3.7 

6 

27 

5.6 

3.6 

E 

Max. 

8.3 

3.8 

8 

14 

8.2 

8.0 

7 

41 

7.6 

7.5 

AtoE 

6 

14,400 

7.4 

5.7 

F 

Min. 

4.6 

5.8 

5 

96 

4.8 

6.5 

G 

Min. 

3.1 

6.3 

4 

14 

3.5 

3.6 

5 

55 

4.2 

3.8 

H 

Max. 

6.3 

5.3 

6 

120 

6.2 

4.9 

AtoH 

5 

20,900 

6.8 

4.4 

4 

27,000 

6.3 

15.0 

3 

36,400 

5.6 

14.5 

2 

44,000 

5.0 

13.8 

STORM  83,  JUNE  9-10,  1905 


1  day 

A 

Max. 

12.1 

Iday 

AB 

6 

3,640 

8.1 

12 

41 

12.0 

5 

4,740 

7J& 

11 

190 

11.6 

1 

1 

4 

6,200 

6.8 

10 

410 

11.0 

3 

9,040 

6.7 

9 

780 

10.3 

C 

Max. 

5.7 

8 

1,180 

9.7 

5 

140 

5.5 

7 

1,720 

9.0 

4 

1,010 

4.6 

B 

Max. 

11.0 

3 

3,150 

3.9 

10 

27 

10.4 

D 

Max. 

« 

3.8 

9 

160 

9.6 

3 

1,850 

3.5 

8 

420 

8.9 

AtoD 

2 

34,000 

• 

3.5 

7 

750 

8.3 
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STORM  86,  SEPTEMBER  1&-19,  1905 


g 

2 

1 

g 

1 

1 

It 

1 

1 

1 

a 

1^ 

i 

J 

a 

M 

i 

I 

1 

If 

h 

'^'* 

S 

1 

1 

Is 

^ 

9 

4 

1 

1 

1 

1 

1 

a 

r 

I 

r 
1 

1 

1 

5 

I 

i 

3 

1 

1 

1  day 

A 

Max. 

8.1 

4  days 

A 

Max. 

12.2 

Sept. 

8 

41 

8.0 

Sept. 

12 

27 

12.1 

17 

7 

370 

7.6 

15-18 

11 

250 

11.6 

6 

930 

6.9 

10 

1,480 

10:7 

5 

2,110 

6.1 

9 

3,860 

10.0 

4 

3,740 

5.4 

8 

5,940 

9.4 

3 

6,820 

4.6 

7 

8,760 

8.8 

B 

Max. 

6.7 

B 

Max. 

8.9 

6 

790 

6.4 

8 

140 

8.4 

5 

2,830 

5.7 

7 

780 

7.7 

4 

5,420 

6.2 

C 

Max. 

8.2 

3 

8,960 

4.5 

8 

41 

8.1 

AB 

2 

27,700 

3.6 

7 

220 

7.6 

2  days 

A 

Max. 

8JS 

ABC 

6 

18,400 

7.7 

Sept. 

8 

440 

8.1 

D 

Max. 

8.1 

10-17 

7 

3,200 

7.6 

8 

250 

8.0 

6 

5,230 

7.2 

E 

Max. 

8.5 

B 

Max. 

8.0 

8 

290 

8.2 

7 

1,030 

7.5 

DE 

7 

3,040 

7.6 

6 

2,260 

7.0 

6 

4,740 

7.2 

AB 

5 

14,400 

6.3 

AtoE 

5 

34,200 

6.6 

4 

19,700 

5.8 

4 

47,000 

5.8 

3 

26,900 

5.2; 

3 

69,200 

4.7 

C 

Max. 

6.2 

F 

Min. 

1.2 

6 

55 

6.1 

2 

600 

1.6 

5 

380 

5.6 

G 

Max. 

5.7 

D 

Max. 

5.4 

5 

600 

5.4 

5 

410 

5.2 

H 

Max. 

5.4 

CD 

4 

2,710 

4.5 

5 

200 

5.2 

3 

4,380 

3.3 

GH 

4 

4,520 

4.6 

AtoD 

2 

49,400 

4.1 

3 

9,320 

4.1 

3  days 

A 

Max. 

10.5 

AtoG 

2 

123,000 

3.8 

Sept. 

10 

700 

10.2 

5  days 

A 

Max. 

f 

13.0 

16-17 

9 

1,930 

9.8 

Sept. 

12 

490 

12.5 

8 

4,070 

9.1 

15-19 

11 

990 

12.0 

7 

5,480 

8.7 

10 

1,780 

11.3 

6 

7,640 

8.1 

9 

5,050 

10.2 

B 

Max. 

8.1 

8 

9,910 

9.3 

8 

96 

8.0 

7 

15,400 

8.7 

7 

1,030 

7.5 

B 

Max. 

8.9 

6 

2,260 

7.0 

8 

120 

8.4 

AB 

5 

18,700 

6.7 

7 

820 

7.6 

C 

Max. 

6.2 

C 

Max. 

8.2 

6 

82 

6.1 

8 

14 

8.2 

5 

2,260 

5.5 

7 

290 

7.5 

ABC 

4 

32,800 

5.8 

ABC 

6 

27,600 

7.8 

3 

48,600 

5.1 

5 

39,500 

7.1 

D 

Max. 

4.3 

4 

53,100 

6.4 

4 

1,110 

4.2 

D 

Max. 

■ 

6.6 

3 

4,640 

3.7 

6 

290 

6.3 

E 

Max. 

3.3 

5 

1,040 

5.7 

3 

1,440 

3.2 

E 

Ma>  . 

5.5 

AtoE 

2 

84,700 

4.0 

5 

370 

5.2 

19 
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STORM  86,  SEPTEMBER  15-19,  1905  (Continued) 


^; 


5  days 

Sept. 

15-19 


DE 

F 


G 


4 
Min. 

2 

3 
Max. 


I 


s 

a 

I 


5,460 

410 
1,360 


4.8 
1.4 
1.7 
2.3 

4.8 


5  days 

Sept. 

15-19 


I 


G 

AtoG 

H 

AtoH 


4 
3 
Max. 
3 
2 


STORM  98,  NOVEMBER  17-21,  1906 


I 

I 


330 
99,800 

1,620 
168,000 


1  day 

A 

Max. 

7.9 

3  days 

C 

9 

2,300 

Nov. 

7 

550 

7.6 

Nov. 

D 

Min. 

17 

6 

3,900 

6.6 

17-19 

6 

41 

5 

8,320 

6.0 

7 

250 

B 

Min. 

3.4 

8 

1,410 

4 

360 

3.7 

AtoD 

8 

13,900 

C 

Max. 

5.1 

7 

19,200 

5 

110 

5.1 

E 

Max. 

ABC 

4 

21,400 

5.1 

7 

410 

3 

34,900 

4.6 

AtoE 

6 

27,900 

D 

Max. 

3.5 

5 

37,400 

3 

270 

3.2 

F 

Min. 

E 

Max. 

4.8 

4 

460 

4 

320 

4.4 

AtoF 

4 

56,800 

3 

1,310 

3.7 

3 

86,300 

AtoE 

2 

77,600 

8.4 

2 

132,000 

2  days 

A 

Max. 

10.6 

4  days 

A 

Max. 

Nov. 

10 

120 

10.8 

Nov. 

15 

180 

17-18 

9 

880 

9.6 

17-20 

14 

380 

8 

1,630 

9.1 

.  13 

820 

7 

4,790 

8.0 

12 

1,590 

B 

Max. 

11.0 

11 

2,710 

10 

96 

10.6 

B 

Min. 

9 

460 

9.7 

8 

380 

8 

1,100 

9.0 

9 

1,190 

7 

2,370 

8.2 

10 

1,900 

AB 

6 

15,200 

7.3 

C 

Max. 

C 

Min. 

4.3 

12 

82 

5 

164 

4.6 

11 

360 

ABC 

5 

25,100 

6.6 

ABC 

10 

10,700 

D 

Min. 

3.0 

9 

16,000 

4 

260 

3.5 

8 

21,700 

AtoD 

4 

41,100 

6.7 

7 

29,900 

3 

66,900 

4.9 

D 

Max. 

2 

124,000 

8.8 

8 

370 

3  days 

A 

Max. 

18.0 

7 

960 

Nov. 

12 

140 

12.6 

E 

Max. 

17-19 

11 

460 

11.8 

9 

380 

10 

960 

11.1 

8 

2,400 

B 

Max. 

11.7 

7 

4,600 

11 

140 

11.5 

AtoE 

6 

50,300 

10 

360 

10.9 

F 

Max. 

AB 

9 

3,910 

10.0 

6 

730 

C 

Max. 

10.4 

AtoF 

5 

72,000 

10 

1,090 

10.5 

G 

Min. 

4.4 
6.1 
4.0 
3.5 
4.1 


10.0 

5.2 

5.6 

6.3 

7.3 

9.1 

8.6 

8.0 

7.5 

8.0 

7.4 

3.0 

3.5 

6.4 

5.4 

4.4 

16.0 

16.6 

15.0 

14.2 

18.4 

12.6 

7.0 

7.5 

8.2 

8.7 

13.0 

12.5 

11.7 

10.7 

10.8 

9.8 

9J{ 

9.4 

8.5 

7.9 

10.0 

9.5 

8.6 

8.1 

8.8 

7.0 

6.5 

7.4 

3.2 
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STORM  93,  NOVEMBER  17-21,  1906  (Continued) 


4  days 

Nov. 

17-20 


5  days 

Nov. 

17-21 


G 
H 

AtoH 


B 

C 
ABC 

D 


4 
Min. 

4 

4 

3 

2 
Max. 
19 
18 
17 
16 
15 
14 
13 
12 
Min. 
10 
11 
Max. 
12 
11 
10 

9 
Min. 

7 

8 


8 

a 


I 


420 

330 

98,700 

139,000 

197,000 

41 

160 

470 

880 

1,490 

2,410 

4,070 

6,260 

140 
640 

1,100 
14,700 
19,800 
25,500 

140 
520 


§1 


i 


3.6 

3.3 

3.6 

6.6 

6.7 

4.8 

19.4 

19.2 

18.7 

17.9 

17.2 

16.5 

15.7 

14.8 

14.0 

9,2 

9.6 

10.3 

12.4 

12.2 

12.6 

12.0 

11.5 

6.9 

7.0 

7.4 


5  days 

Nov. 

17-21 


E 

AtoE 
F 

AtoF 


G 


AtoG 
H 


HI 
A  to  I 


Max. 

9 

8 
Max. 

8 

7 

6 

5 

4 
Min. 

1 

2 

3 

3 
Max. 

8 

7 

6 

5 

4 
Max. 

5 

4 

3 

2 


STORM  102,  JULY  28-AUGUST  1,  1908 


Iday 

A 

Max. 

9.6 

3  days 

A 

July 

9 

160 

9.3 

July 

30 

8 
7 
6 
5 
4 
3 
2 

530 
890 
1,410 
2,000 
3,480 
6,650 
12,400 

8.8 
8.3 
7.6 
7.0 
5.9 
4.8 
3.7 

29-51 

2  days 

A 

Max. 

14.1 

July 

14 

150 

14.0 

29-30 

13 
12 
11 

440 

660 

1,030 

13.7 
13.4 
12.7 

10 

1,640 

11.9 

B 

9 

2,010 

11.5 

8 

2,420 

11.0 

7 

3,010 

10.3 

6 

4,120 

9.3 

A-B 

5 

7,430 

7.6 

4 

9,530 

6.9 

3 

14,600 

6.7 

4  days 

A 

2 

22,600 

4.6 

July 
28-31 

I 


s 


480 
89,800 

140 

53,900 

70,500 

95,300 

137,000 

120 

340 

670 

202,400 

380 

990 

2,220 

3,790 

6,760 

230 

520 

28,500 

378,000 


h 
I' 


i 


9.2 
9.1 
10.4 
8.0 
8.0 
9.6 
8.9 
8.0 
7.0 
0.1 
0.6 
1.2 
1.8 
5.8 
8.6 
8.3 
7.8 
7.1 
6.4 
5.6 
5.1 
5.0 
4.7 
4.0 
4.4 


Max. 

17.6 

17 

150 

17.3 

16 

250 

17.0 

15 

410 

16.8 

14 

580 

16.0 

13 

790 

15.3 

12 

1,100 

14.6 

11 

1,560 

13.7 

10 

2,330 

12.6 

9 

2,890 

12.0 

8 

3,630 

11.3 

7 

5,410 

10.0 

6 

7,090 

9.2 

5 

9,160 

8.4 

Max. 

7.2 

7 

190 

7.0 

6 

750 

6.6 

5 

2,410 

5.9 

4 

17,700 

6.7 

3 

25,100 

5.8 

2 

34,300 

4.9 

Max. 

18.8 

18 

120 

18.4 

17 

230 

18.0 
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STORM  102,  JULY  28-AUGUST  1,  1908  (Continued) 


4  days 

July 

28-31 


B 
AB 


5  days 

July 

28- 

Aug. 

1 


1  day 

Aug. 

25 


B 

C 

ABC 

D 


E 


DE 


AtoE 
F 


16 
15 
14 
13 
12 
11 
10 

9 

8 

7 
Max. 

7 

6 

5 

4 

3 

2 
Max. 
18 
17 
16 
15 


330 
550 
780 
1,000 
1,360 
1,850 
2,740 
3,700 
4,870' 
6,890 

230 
11,000 
15,700 
24,500 
34,700 
44,200 

120 
260 
410 
580 


17.6 

16.8 

16.1 

15.7 

14.9 

14.0 

12.9 

12.0 

11.2 

10.1 

7.4 

7.2 

8.8 

7.8 

6.6 

6.7 

5.0 

18.8 

18.4 

17.9 

17.4 

16.9 


5  days 
July 
28- 

Aug.l 


if 

i 


B 


AB 
C 

ABC 


14 
13 
12 
11 
10 

9 

8 

7 

Max. 

10 

9 

8 

7 

6 

5 
Max. 

7 

6 

5 

4 

3 

2 


STORM  103,  AUGUST  24-26,  1908 


Max. 

11.1 

Iday 

F 

5 

11 

41 

11.1 

Aug. 

4 

10 

68 

10.9 

25 

3 

9 

110 

10.4 

G 

Max. 

8 

200 

9.5 

3 

7 

300 

8.9 

AtoG 

2 

6 

550 

7.8 

2  days 

A 

Max. 

Max. 

7.2 

Aug. 

13 

7 

230 

7.1 

25-26 

12 

6 

750 

6.7 

11 

Max. 

6.2 

10 

6 

360 

6.1 

9 

5 

6,650 

5.9 

8 

4 

10,600 

5.4 

7 

Max. 

11.7 

B 

Max. 

11 

41 

11.4 

11 

10 

96 

10.9 

10 

9 

220 

10.1 

9 

8 

340 

9.6 

8 

Max. 

9.6 

7 

9 

68 

9.3 

C 

Max. 

8 

110 

9.0 

7 

7 

780 

8.6 

ABC 

6 

6 

1,150 

7.9 

D 

Max. 

5 

1,750 

7.1 

12 

4 

2,530 

6.3 

11 

3 

19,100 

4.9 

10 

Max. 

5.6 

9 

I 

g 

a 
I 


860 
1,190 
1,550 
2,080 
2,760 
3,890 
5,020 
5,780 

41 

190 

290 

920 

12,800 

16,800 

14 

120 

380 

31,800 

43,800 

58,700 


16.1 

15.4 

14.7 

13.9 

13.0 

12.0 

11.2 

10.7 

11.0 

10.5 

9.7 

9.3 

8.1 

8.6 

7.8 

7.9 

7.8 

6.7 

5.7 

6.3 

6.6 

4.8 


590 

5.3 

1,640 

4.8 

4,480 

4.0 

3.4 

900 

3.2 

49,000 

3.6 

13.1 

68 

13.1 

250 

12.6 

490 

12.1 

820 

11.4 

1,030 

11.1 

1,260 

10.6 

1,510 

10.1 

11.5 

96 

11.3 

380 

10.7 

1,100 

9.9 

1,880 

9.3 

2,790 

8.7 

7.9 

550 

7.5 

9,090 

7.8 

12.8 

41 

12.4 

110 

11.8 

230 

11.1 

330 

10.6 
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STORM  103,  AUGUST  24-26,  1908  (Contiiued) 


2  days 

Aug. 

25>-26 


3  days 

Aug. 

24-26 


£ 
DE 

F 
G 
H 
I 
A  to  I 


B 


AB 
C 


Max. 
9 
8 
7 
6 
Max. 

6 
Min. 

5 
Max. 

6 

Max. 

6 

5 

4 

3 

2 

Max. 

15 

14 

13 

12 

11 

Max. 

14 

13 

12 

11 

10 

Max. 

14 


2 

S 
a 

I 


200 
1,200 
1,370 
1,850 

96 

55 

68 

3,070 
27,100 
41,100 
62,200 
87,000 

82 

200 

410 

820 

1,410 

68 

200 

600 

960 

4,590 

68 


6 


I 
i 


9.8 

9.4 

9.3 

9.1 

8.4 

6.6 

6.3 

4.3 

4.6 

6.1 

6.1 

6.5 

6.3 

6.6 

5.9 

5.1 

4.3 

15.6 

15.3 

14.8 

14.1 

13.3 

12.6 

14.1 

14.1 

13.7 

12.9 

12.4 

11.5 

14.8 

14.4 


If 

o 

I 


3  days 

Aug. 

24-26 


D 


CD 

AtoD 

E 


AtoE 


F 
G 


H 

AtoH 
I 

A  to  I 


13 

12 

11 

Max. 

14 

13 

12 

11 

10 

9 

Max. 

10 

9 

8 

7 

6 

Min. 

5 

Max. 

9 

8 

7 

6 

Max. 

6 

5 

Max. 

5 

4 

3 

2 


STORM  105,  OCTOBER  20-24,  1908 


I 

s 

a 

I 


180 
380 
620 

14 

55 

96 

200 

1,510 

9,450 

250 

750 

13,400 

16,600 

20,400 

450 

590 
2,270 
5,370 
8,210 

68 
42,700 

2,630 

61,600 

86,300 

112,000 


I 


I 


i 


13.8 

13.1 

12.5 

14.3 

14.2 

13.6 

13.1 

12.2 

11.6 

10.8 

10.5 

10.3 

9.8 

10.2 

9.7 

9.1 

4.2 

4.6 

9.2 

9.1 

8.6 

8.0 

7.4 

6.4 

6.2 

7.6 

5.6 

7.4 

6.7 

5.8 

5.0 


1  day 

A 

Max. 

6.3 

2  days 

B 

7 

220 

6.7 

Oct. 

6 

410 

6.2 

Oct. 

AB 

7 

7,120 

8.6 

22 

5 

3,240 

5.6 

21-22 

6 

9,200 

8.1 

B 

Max. 

6.2 

C 

Max. 

f 

7.0 

6 

41 

6.1 

7 

68 

7.0 

5 

190 

5.6 

6 

340 

6.6 

C 

Max. 

5.2 

ABC 

6 

16,600 

7.0 

5 

580 

5.1 

D 

Max. 

r 

6.2 

ABC 

4 

10,300 

4.9 

6 

55 

6.1 

3 

16,600 

4.4 

5 

230 

5.6 

D 

Max. 

3.3 

E 

Max. 

5.4 

3 

1,360 

3.1 

5 

780 

5.3 

AtoD 

2 

•34,200 

3.4 

AtoE 

4 

29,700 

5.9 

2  days 

A 

Max. 

11.4 

3 

43,900 

5.1 

Oct. 

11 

230 

11.2 

2 

66,800 

4.2 

21-22 

10 

960 

10.7 

3  days 

A 

Max. 

* 

13.0 

9 

1,970 

10.1 

Oct. 

13 

55 

13.0 

8 

4,520 

9.2 

21-23 

N 

12 

520 

12.6 

B 

Min. 

6.4 

11 

1,530 

11.8 
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STOHM  105,  OCTOBER  20-24,  1908  (Continued) 


3  days 

Oct. 

21-23 


4  days 

Oct. 

20-23 


B 

AB 
C 

D 

AtoD 

E 

AtoE 
F 

AtoF 


B 

C 

ABC 


I 


10 

9 

8 

Min. 

7 

7 

Min. 

6 

Max. 

7 

6 

6 

Max. 

6 

4 

Max. 

4 

3 

2 

Max. 

16 

14 

13 

12 

11 

10 

9 

8 

7 

Max. 

7 

Max. 

7 

6 


3,760 
6,480 
8,100 

180 
12,100 

68 

110 
19,400 
31,000 

68 
43,400 

300 
68,800 
82,600 

41 

270 

680 

2,080 

3,970 

6,760 

8,160 

12,600 

18,000 

460 

96 
26,600 


11.0 

10.6 

9.9 

6.1 

6.4 

9.1 

6.2 

6.6 

7.4 

7.2 

8.1 

7.1 

6.1 

6.0 

6.4 

4.7 

4.4 

5.6 

4.7 

15.1 

15.0 

14.6 

13.9 

13.0 

12.3 

11.7 

11.1 

10,2 

9.4 

7.7 

7.4 

7.1 

7.0 

8.4 


4  days 

Oct. 

20-23 


6  days 

Oct. 

20-24 


D 

AtoD 
E 

AtoE 
F 

AtoF 

A 


B 

AB 
C 

ABC 
D 

AtoD 


Max. 

7 

6 

6 
Max. 

6 

4 
Max. 

4 

3 

2 
Max. 
16 
14 
13 
12 
11 
10 

9 

8 
Max. 

8 

7 

6 
Max. 

7 

6 

6 

4 
Max. 

6 

4 

3 

2 


I 


960 

2,330 

41,000 

160 
62,900 

770 
69,300 
92,700 

60 

360 

820 

2,100 

3,960 

6,900 

8,460 

14,000 

620 
22,000 
31,300 

920 

2,370 

47,800 

62,400 

600 

1,600 

90,100 

131,000 


;l 


i 


7.6 

7.4 

6.9 

7.6 

6.8 

6.6 

6.8 

4.3 

4.2 

6.0 

5.2 

15.2 

15.1 

14.6 

14.0 

13.2 

12.2 

11.7 

11.1 

10.1 

8.7 

8.4 

9.1 

8.4 

7.6 

7.3 

6.8 

7.4 

6.8 

5.2 

5.1 

4.7 

6.8 

4.7 


STORM  108,  JUNE  29-JULY  3,  1909 


1  day 

July 

2 

A 

Max. 
12 
11 

200 
360 

10 

610 

9 

740 

B 

8 

7 

Max. 

1,050 
1,660 

8 

160 

7 

440 

AB 
C 

6 

6 

4 

Max. 

3,660 
6,000 
7,990 

6 

120 

12.0 

12.0 

11.8 

11.4 

10.8 

10.1 

9.3 

8.8 

8.4 

7.8 

7.8 

7.2 

6.2 

6.6 

6.3 


1  day 
July 

2 

2  days 
Jul 


^i 


C 
ABC 


B 


AB 


4 

3 

2 
Max. 
16 
14 
13 
12 
11 
10 
Max. 
11 
10 

1 1 


680 

4.7 

16,600 

4.8 

24,400 

4.1 

15.5 

180 

15.3 

320 

15.0 

470 

14.5 

640 

13.9 

820 

13.4 

1,160 

12.6 

11.8 

460 

11.4 

1,260 

10.8 

3,970 

10.8 

6,160 

10.3 
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STORM  108,  JUNE  29-JULY  3,  1909  (Continued) 


1  5 

1 

1 
1? 

1 

i 

1 

S 

.5 

i 

1 

S 

a 

h 

^1 

S 

i  . 

1 

fi| 

4  al 

S 

1 

1 

|| 

1 

1 

1 

-5 

1 

1 

1 

a 

I 

1" 

2day6 

AB 

7 

6,780 

9.7 

4  days 

AB 

12 

2,600 

13.6 

July 

6 

8,760 

8.9 

June 

11 

3,970 

12.9 

2-3 

5 

11,000 

8.2 

30- 

10 

5,410 

12.2 

C 

Max. 

7.3 

July 

9 

6,900 

11.7 

7 

160 

7.2 

3 

8 

9,420 

10.8 

6 

1,190 

6.6 

7 

12,200 

10.0 

5 

3,260 

5.9 

6 

15,000 

9.4 

D 

Max. 

5.5 

C 

Max. 

6.4 

5 

120 

5.3 

6 

41 

6.2 

AtoD 

4 

19,700 

6.8 

ABC 

5 

21,800 

8.2 

3 

26,200 

6.0 

4 

25,900 

7.6 

2 

29,700 

6.6 

D 

Max. 

8.0 

3  days 

A 

Max. 

15.8 

8 

180 

8.0 

July 

15 

200 

15.4 

7 

480 

7.7 

1-3 

14 

370 

15.0 

6 

750 

7.2 

13 

550 

14.5 

5 

1,120 

6.7 

12 

820 

13.9 

4 

1,510 

6.1 

11 

1,140 

13.2 

AtoD 

3 

31,900 

7.0 

B 

Max. 

12.0 

2 

35,700 

6.5 

11 

920 

11.5 

5  days 

A 

Max. 

17.8 

AB 

10 

3,560 

11.6 

June 

17 

68 

17.4 

9 

4,710 

11.1 

29- 

16 

250 

16.8 

8 

6,010 

10.5 

July 

15 

1,560 

15.7 

7 

7,870 

9.8 

3 

14 

2,610 

15.2 

6 

10,100 

9.1 

B 

Max. 

16.8 

C 

Max. 

6.2 

16 

160 

16.4 

6 

41 

6.1 

15 

340 

15.9 

D 

Max. 

7.8 

14 

480 

15.5 

7 

600 

7.4 

AB 

13 

4,380 

14.7 

6 

2,460 

6.7 

12 

6,670 

14.0 

AtoD 

5 

20,200 

7.4 

11 

8,350 

13.5 

4 

24,300 

7.0 

10 

9,720 

13.0 

£ 

Max. 

7.9 

9 

11,200 

12.6 

7 

340 

7.5 

8 

13,200 

12.0 

6 

660 

7.0 

7 

15,500 

11.3 

5 

1,030 

6.5 

6 

18,300 

10.6 

4 

1,480 

6.0 

C 

Max. 

6.4 

AtoE 

3 

30,600 

6.4 

6 

68 

6.2 

2 

34,200 

6.0 

ABC 

5 

25,100 

9.2 

4  days 

A 

Max. 

17.7 

4 

28,600 

8.6 

June 

17 

55 

17.4 

D 

Max. 

8.5 

30- 

16 

110 

17.0 

8 

230 

8.3 

July 

16 

180 

16.4 

7 

480 

7.9 

3 

14 

300 

15.6 

6 

780 

7.3 

B 

Max. 

16.7 

5 

1,150 

6.8 

16 

160 

16.4 

4 

1,550 

6.2 

15 

300 

16.0 

AtoD 

3 

32,800 

8.1 

14 

480 

15.4 

2 

36,000 

7.6 

AB 

13 

1,370 

14.6 
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STORM  109,  JULY  5-7,  1909 


i 


1  day 

July 

7 


B 


AB 
C 

ABC 
D 


E 


2  days 
July 
6-7 


F 
G 
A 


B 

C 

D 

BCD 
E 


G 


H 


1 

1 

a 

1 

a 

1 

1 

Max. 

9 

41 

8 

190 

7 

520 

6 

900 

6 

1,440 

4 

2,260 

Max. 

# 

6 

27 

6 

110 

4 

330 

3 

4,290 

Max. 

3 

68 

2 

7,560 

Max. 

5 

96 

4 

-   320 

3 

1,010 

2 

1,820 

Max. 

# 

4 

480 

3 

2,190 

2 

6,740 

Max. 

2 

5,590 

Max. 

2 

1,930 

Max. 

9 

55 

8 

330 

7 

690 

6 

1,210 

6 

2,300 

Max. 

8  • 

110 

7 

770 

6 

1,450 

Max. 

6 

68 

Max. 

6 

160 

5 

5,110 

Max. 

5 

96 

Max. 

6 

41 

6 

160 

Max. 

7 

55 

6 

550 

5 

1,480 

Max. 

9.7 
9.4 

8.7 
8.0 
7.4 
$.7 
6.9 
6.5 
6.3 
5.7 
4.9 
4.9 
3.7 
3.4 
3.8 
5.8 
5.4 
4.8 
3.9 
3.3 
4.6 
4.3 
3.7 
2.9 
2.9 
2.5 
2.9 
2.5 
9.7 
9.4 
8.7 
8.1 
7.4 
$.5 
8.4 
8.2 
7.6 
7.1 
6.3 
6.2 
6.4 
6.2 
6.0 
5.3 
5.2 
6.4 
6.2 
5.7 
7.5 
7.3 
6.6 
5.9 
5.7 


2  days 
July 
6-7 


3  days 
July 
5-7 


H 

AtoH 

I 

Atol 
J 


K 


AtoK 
L 


M 

N 
A 


B 

AB 
C 

D 

AtoD 
E 


G 


5 

4 
Max. 

4 

3 
Max. 

8 

7 

6 

6 

4 

3 
Max. 

4 

3 

2 
Max. 

5 

4 

3 

2 
Max. 

3 

2 
Max. 

2 
Max. 
11 
10 

9 

8 
Max. 

8 

7 

6 
Max. 

7 

6 
Max. 

6 

5 
Max. 

9 

8 

7 

6 

5 
Max. 

6 

5 
Max. 

6 

5 


i 

i 

a 

g 

^ 

1 

l| 

.a 

1 

1 

5 

55 

5.4 

19,100 

&3 

5.0 

300 

4.5 

30,800 

4.6 

8.4 

27 

8.2 

150 

7.5 

490 

6.8 

1,030 

6.1 

1,750 

5.4 

2,820 

4.7 

4.4 

330 

4.2 

1,000 

3.7 

67,400 

3.6 

5.8 

110 

5.4 

380 

4.8 

1,010 

4.0 

1,780 

3.3 

4.0 

670 

3.5 

4,180 

2.7 

2.6 

340 

2.3 

11.2 

27 

11.1 

260 

10.4 

980 

9.8 

2,310 

9.0 

9.0 

730 

8.5 

5,540 

8.3 

8,520 

7.7 

7.2 

14 

7.1 

110 

6.5 

6.3 

27 

6.2 

13,500 

$.9 

9.7 

82 

9.4 

270 

8.8 

710 

8.0 

1,250 

7.4 

2,450 

6.5 

6.5 

82 

6.3 

190 

5.9 

6.8 

410 

6.4 

890 

5.9 
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STORM  109,  JULY  6-7,  1909  (Continued) 


3  days 
July 
5-7 


s 

I 


H 


A  to  I 
J 


K 

AtoK 
L 


i 


Max. 

6 

5 
Max. 

8 

7 

6 

5 

4 
Max. 

5 

4 
Max. 

4 

3 

Max. 

11 


I 

s 

a 

I 


27 
560 

290 

1,140 

2,400 

5,000 

34,500 

82 
2,930 

410 
57,700 

14 


i 


6.1 
6.1 
5.5 
8.7 
8.4 
7.7 
7.1 
6.3 
6.0 
5.3 
5.2 
4.5 
4.4 
4.2 
5.1 
11.2 
11.1 


3  days 

July 

5-7 


M 


AtoM 

N 


10 

9 

8 

7 

6 

5 

4 

3 
Max. 

4 

3 

2 
Max. 

5 

4 

3 

2 


8 

a 


s 

a 


41 

150 

410 

740 

1,200 

1,710 

2,330 

3,330 

480 

2,460 

96,400 

110 

400 

860 

1,290 


a 


5 


10.7 
9.9 
9.0 
8.3 
7.6 
7.0 
6.3 
5.5 
4.9 
4.5 
3.7 
4.2 
5.8 
5.4 
4.8 
4.1 
3.6 


STORM  110,  JULY  20-22,  1909 


1  day 

A 

Max. 

10.7 

3  days 

A 

Max. 

12.8 

July 

10 

150 

10.4 

July 

12 

14 

12.4 

21 

9 

270 

10.0 

20-22 

11 

41 

11.7 

8 

400 

9.6 

10 

96 

11.0 

7 

580 

8.9 

9 

180 

10.3 

6 

930 

8.0 

8 

450 

9.2 

5 

1,490 

7.1 

B 

Max. 

8.6 

4 

2,520 

6.0 

8 

82 

8.3 

3 

•      3,260 

5.4 

AB 

7 

2,200 

7.9 

2 

3,900 

5.0 

6 

3,500 

7.4 

B 

Max. 

5.5 

C 

Max. 

6.4 

5 

110 

5.3 

6 

250 

6.2 

4 

300 

4.8 

ABC 

5 

6,200 

6.6 

3 

590 

4.2 

D 

Max. 

5.2 

2 

990 

3.5 

5 

230 

5.1 

2  days 

A 

Max. 

11.0 

AtoD 

4 

11,700 

5.6 

July 

10 

230 

10.5 

E 

Max. 

11.1 

20-21 

9 

370 

10.1 

11 

41 

11.1 

8 

530 

9.6 

10 

230 

10.7 

7 

890 

8.8 

9 

380 

10.2 

6 

1,590 

7.8 

8 

630 

9.7 

5 

2,970 

6.7 

7 

890 

8.8 

4 

4,110 

6.1 

6 

2,160 

7.4 

B 

Max. 

7.8 

5 

3,160 

6.8 

7 

160 

7.4 

4 

4,560 

6.1 

6 

1,480 

6.6 

F 

Max. 

4.2 

5 

3,300 

6.0 

4 

580 

4.1 

4 

5,870 

5.3 

AtoF 

3 

31,400 

4.7 

AB 

3 
2 

24,800 
39,900 

4.4 

3.7 

2 

50,000 

3.9 
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STORM  114,  OCTOBER  4r^,  1910 


g 

1 

k 

1 

1 

1 

a 

1 

a 

a 

1 

j 

2 

a 

a 

li 

1 

« 

1 

1 

I 

i 

• 

1 

1 

1 

1  day 

A 

Max. 

8.1 

2  days 

AtoG 

6 

32,100 

7.8 

Oct. 

7 

160 

7.6 

Oct. 

H 

Min. 

4.5 

5 

6 

480 

6.8 

6-6 

6 

200 

4.7 

5 

1,100 

6.1 

AtoH 

6 

60,200 

6.6 

B 

Max. 

8.5 

J 

Min. 

2.9 

8 

68 

8.3 

3 

300 

2.9 

7 

330 

7.7 

4 

1,880 

3.4 

6 

710 

7.0 

K 

Min. 

3.6 

6 

1,410 

6.3 

4 

66 

3.7 

AB 

4 

7,280 

6.1 

AtoK 

4 

72,000 

6.0 

3 

11,500 

4.6 

3 

96,000 

5.4 

C 

Max. 

8.0 

2 

131,000 

4.6 

7 

400 

7.6 

3  days 

A 

Max. 

15.2 

6 

1,610 

6.8 

Oct. 

16 

41 

15.1 

5 

3,660 

6.0 

4-6 

14 

180 

14.7 

D 

Max. 

7.1 

13 

290 

14J{ 

7 

41 

7.1 

12 

810 

13.1 

6 

180 

6.6 

11 

1,440 

12.4 

5 

630 

6.8 

B 

Max. 

13.3 

E 

Max. 

6.0 

13 

66 

13.2 

5 

670 

6.6 

12 

320 

12.6 

F 

Min. 

3.7 

11 

900 

11.9 

4 

270 

3.8 

C 

Max. 

14.0 

CtoF 

4 

19,100 

4.9 

13 

68 

13.6 

G 

Max. 

4.3 

12 

260 

12.8 

4 

440 

4.2 

11 

710 

11.9 

CtoG 

3 

34,900 

4.3 

ABC 

10 

8,240 

11.1 

H 

Min. 

1.9 

■ 

9 

13,900 

10.5 

2 

970 

1.9 

D 

Max. 

11.5 

AtoH 

2 

76,000 

2.9 

11 

96 

11.3 

2  days 

A 

Max. 

12.9 

10 

230 

10.8 

Oct. 

12 

68 

12.5 

9 

660 

10.1 

6-6 

11 

230 

11.8 

E 

Min. 

6.6 

10 

410 

11.2 

7 

96 

6.7 

9 

790 

10.4 

8 

630 

7.3 

B 

Max. 

11.0 

AtoE 

8 

26,600 

9.5 

10 

68 

10.6 

F 

Min. 

6.3 

9 

260 

9.7 

7 

66 

6.6 

AB 

8 

2,600 

9.2 

AtoF 

7 

38,600 

8.9 

7 

6,400 

8.3 

G 

Min. 

4.1 

C 

Max. 

10.2 

6 

140 

4.6 

10 

260 

10.2 

6 

440 

6.2 

9 

730 

9.8 

AtoG 

6 

66,400 

8JS 

8 

2,980 

8.8 

H 

Min. 

4.6 

7 

6,630 

8.1 

6 

190 

4.8 

D 

Max. 

8.1 

AtoH 

6 

70,100 

7.6 

8 

66 

8.1 

J 

Max. 

6.1 

7 

600 

7.6 

6 

140 

6.1 

E 

Max. 

8.3 

A  to  J 

4 

91,200 

$.9 

8 

360 

8.2 

3 

126,000 

6.0 

F 

Max. 

8.3 

K 

Max. 

4.4 

8 

270 

8.2 

4 

110 

4.2 

EF 

7 

3,790 

7.6 

3 

740 

3.6 

G 

Min. 

6.6 

AtoK 

2 

168,000 

5.1 

6 

96 

6.8 

1 
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STORM  125,  JULY  20-24,  1912 


6  days 

July 

20-24 


I 


B 

AB 
C 


Max. 
•11 
10 

9 

8 

7 
Max. 

7 

6 

6 
Max. 

7 

6 


I 

s 

a 

I 


27 
120 
300 
620 
860 

180 
2,180 
3,640 

860 
2,220 


11.3 

11.2 

10.7 

10.0 

9.4 

8.6 

7.6 

7.3 

7.4 

6.6 

7.8 

7.4 

6.9 


6  days 

July 

20-24 


I 


C 
D 


E 

AtoE 
F 

G 

AtoG 


6 
Max. 

6 

6 
Max. 

6 

4 
Max. 

4 
Min. 

3 

3 

2 


4,130 

41 
640 

68 
19,000 

260 

160 
36,700 
62,800 


STORM  130,  JANUARY  10-12,  1913 


STORM  132,  MARCH  23-27,  1913 


a 

I 

r 


6.2 
6.2 
6.1 
6.6 
6.2 
6.1 
6.3 
4.2 
4.1 
2.6 
2.7 
4.6 
3.6 


1  day 

A 

Max. 

5.8 

2  days 

D 

4 

320 

4.1 

Jan. 

6 

930 

5.4 

Jan. 

AtoD 

3 

66,600 

4.1 

11 

4 

6,490 

4.6 

11-12 

E 

Min. 

0.8 

3 

13,200 

4.1 

1 

96 

0.9 

B 

Max. 

# 

4.8 

2 

200 

1.2 

4 

220 

4.4 

F 

Max. 

3.8 

C 

Max. 

4.4 

3 

1,160 

3.4 

4 

140 

4.2 

G 

Min. 

1.9 

BC 

3 

2,600 

3.6 

2 

66 

1.9 

ABC 

2 

33,600 

3.2 

AtoG 

2 

89,800 

3.5 

D 

Max. 

6.4 

3  days 

A 

Max. 

7.5 

6 

680 

6.2 

Jan. 

7 

2,140 

7.3 

4 

2,460 

4.7 

10-12 

B 

Max. 

7.4 

£ 

Max. 

4.2 

7 

190 

7.2 

4 

190 

4.1 

AB 

6 

7,370 

6.8 

DE 

3 

14,300 

3.7 

C 

Max. 

6.1 

F 

Min. 

0.0 

6 

260 

6.1 

^ 

1 

27 

0.6 

ABC 

6 

23,000 

5.9 

2 

120 

1.2 

4 

43,900 

6.2 

DEF 

2 

27,000 

3.1 

D 

Max. 

6.7 

G 

Max. 

2.4 

6 

68 

6.4 

2 

1,100 

2.2 

4 

200 

4.8 

2  days 

A 

Max. 

7.4 

E 

Min. 

1.4 

Jan. 

7 

96 

7.2 

2 

66 

1.7 

11-12 

6 

1,650 

6.5 

3 

230 

2.3 

6 

7,410 

5.7 

AtoE 

3 

81,800 

4.4 

B 

Max. 

6.7 

F 

Min. 

0.8 

6 

260 

6.4 

1 

66 

0.9 

6 

2,010 

6.6 

2 

140 

1.2 

• 

C 

Min. 

3.6 

AtoF 

2 

124,000 

3.8 

4 

140 

3.7 

G 

Max. 

2.9 

ABC 

4 

22,100 

5.0 

2 

4,740 

2.6 

D 

Max. 

4.2 

1  day 

A 

Max. 

7.0 

1  day 

B 

Max. 

6.2 

March 

7 

96 

7.0 

March 

6 

740 

6.1 

26 

6 

820 

6.6 

26 

AB 

6 

4,930 

5.8 

300 
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STORM  132,  MARCH  23-27,  1913  (CJontinued) 


1  day 

March 

25 


2  days 
March 
24-25 


1 

_ 

S 

s 

2 

1 

s 

i 

3 

1 

a 

1 

c 

Max. 

5 

680 

D 

Max. 

5 

200 

E 

Max. 

5 

370 

AtoE 

4 

16,000 

F 

Max. 

4 

140 

G 

Max. 

4 

82 

H 

Max. 

4 

120 

J 

Min. 

1 

120 

2 

440 

3 

900 

K 

Max. 

5 

120 

4 

560 

AtoK 

3 

43,000 

2 

87,300 

A 

Max. 

9 

120 

8 

590 

B 

Max. 

8 

.1,100 

C 

Max. 

8 

300 

ABC 

7 

6,890 

D 

Max. 

7 

250 

E 

Max. 

7 

200 

AtoE 

6 

16,600 

5 

28,700 

F 

Max. 

5 

120 

G 

Max. 

6 

82 

5 

410 

H 

Max. 

6 

82 

5 

820 

J 

Max. 

5 

82 

A  to  J 

4 

57,600 

K 

Max. 

4 

340 

L 

Max. 

5 

110 

4 

550 

M 

Max. 

5 

82 

5.7 
5.4 
5.6 
5.3 
5.3 
5.2 
5.0 
4.6 
4.3 
4.2 
4.1 
4.2 
4.1 
0.5 
0.7 
1.3 
1.9 
5.3 
5.2 
4.6 
4.0 
3.3 
9.6 
9.3 
8.7 
8.5 
8.4 
8.4 
8.3 
7.8 
7.1 
7.1 
7.2 
7.1 
7.0 
6.4 
5.6 
5.3 
6.4 
6.2 
5.6 
6.1 
6.1 
5.6 
5.1 
5.1 
6.6 
4.0 
4.0 
5.1 
5.1 
4.2 
5.1 
5.1 


2  days 
March 
24-25 

3  days 
March 
24-26 


M 

AtoM 


B 

C 

ABC 
D 

E 

Ato  E 
F 

AtoF 
G 

AtoG 
H 


K 

JK 
L 

M 


AtoM 

N 


O 


AtoO 
P 


AtoP 


i 


4 

3 

2 

Max. 

10 

9 
Max. 

9 
Max. 

9 

8 
Max. 

9 

8 
Max. 

8 

7 
Min. 

6 

6 
Max. 

6 

5 
Max. 

6 

5 
Max. 

6 

5 
Max. 

7 

6 
Max. 

6 

5 
Max. 

5 
Max. 

7 

6 

5 

4 
Max. 

5 

4 
Max. 

5 

4 

3 
Max. 

4 

3 

2 


a 

I 


380 
105,000 
181,000 

120 
620 

96 

120 
6,980 

200 
1,680 

68 
20,300 

410 
34,700 

68 
55,800 

68 
270 

120 
680 

120 
740 

•   41 
5,480 

160 

110 

860 

2,410 

105,000 

260 
1,620 

96 

700 

195,000 

590 

3,490 

291,000 


4.6 
4.6 
3.7 
10.2 
10.1 
9.6 
9.3 
9.2 
9.0 
9.0 
8.6 
9.3 
9.2 
8.6 
8.5 
8.3 
8.0 
5.1 
5.5 
7.4 
6.4 
6.2 
6.6 
6.5 
6.3 
5.7 
6.9 
6.5 
5.7 
7.1 
7.1 
6.6 
6.6 
6.3 
5.7 
5.2 
5.1 
7.3 
7.2 
6.6 
5.9 
5.7 
6.7 
5.4 
4.6 
5.3 
5.2 
4.6 
4.7 
4.7 
4.4 
3.6 
4.0 
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STORM  132,  MARCH  23-27,  1913  (Continued) 


g 

1 

1 

1 

1 

f 

i 

1 

S 

a 

1 

1 

e 

a 

Si 

^1 

s 

^ 

1 

1 

\ 

s\ 

^  1 

1 

M 

1 

\\ 

1 

I 

B 

1 

1 

1 

1 

a 

£  9 

1 

1 

1 

5 

1 

1 

•1 

^ 

4  days 

'    A 

Max. 

11.1 

4  days 

T 

3 

3,720 

3.7 

March 

11 

41 

11.1 

March 

U 

Max. 

4.5 

23-26 

10 

380 

10.6 

23-26 

4 

41 

4.2 

9 

1,560 

9.8 

3 

310 

3.6 

B 

Max. 

10.6 

AtoU 

2 

328,000 

4.2 

10 

160 

10.3 

5  days 

A 

Max. 

11.2 

9 

2,000 

9.6 

March 

11 

68 

11.1 

C 

Max. 

9.4 

23-27 

10 

680 

10.5 

9 

140 

9.2 

9 

3,350 

9.7 

D 

Max. 

9.0 

B 

Max. 

11.2 

9 

110 

9.0 

11 

140 

11.1 

AtoD 

8 

17,200 

8.7 

10 

1,990 

10.6 

£ 

Max. 

8.5 

9 

5,430 

9.9 

8 

140 

8.3 

C 

Max. 

9.9 

AtoE 

7 

31,100 

8.2 

9 

1,570 

9.5 

F 

Max. 

8.0 

D 

Max. 

9.6 

• 

7 

550 

7.5 

9 

510 

9.3 

G 

Min. 

5.7 

AtoD 

8 

22,400 

9.1 

6 

96 

5.8 

E 

Max. 

8.5 

H 

Max. 

7.1 

8 

140 

8.3 

7 

250 

7.1 

F 

Min. 

6.3 

AtoH 

6 

52,300 

7.6 

7 

250 

6.6 

J 

Max. 

6.4 

G 

Max. 

9.4 

6 

68 

6.2 

9 

55 

9.2 

Ato  J 

5 

75,000 

6.9 

8 

320 

8.6 

K 

Max. 

6.3 

AtoG 

7 

39,600 

8.4 

6 

420 

6.2 

H 

Max. 

8.0 

6 

2,900 

5.6 

7 

1,030 

7.5 

L 

Max. 

5.4 

AtoH 

6 

60,900 

7.8 

5 

340 

5.2 

J 

Max. 

6.3 

M 

Min. 

3.6 

6 

550 

6.2 

4 

140 

3.8 

K 

Max. 

6.8 

N 

Min. 

3.9 

6 

110 

6.4 

4 

96 

3.9 

AtoK 

5 

90,600 

7.0 

0 

Max. 

6.9 

L 

Max. 

7.1 

6 

140 

6.5 

7 

140 

7.1 

6 

750 

5.7 

6 

1,030 

6.6 

P 

Max. 

7.1 

M 

Max. 

6.9 

7 

140 

7.1 

6 

1,050 

6.5 

6 

770 

6.6 

N 

Min. 

3.0 

Q 

Max. 

6.6 

4 

300 

3.5 

6 

41 

6.3 

5 

1,440 

4.3 

PQ 

5 

5,540 

5.7 

0 

Max. 

6.7 

R 

Max. 

6.5 

6 

82 

6.4 

6 

96 

6.3 

P 

Max. 

6.2 

6 

270 

5.8 

6 

200 

6.1 

AtoR 

4 

137,000 

5.9 

Q 

Max. 

7.1 

S 

Max. 

5.8 

7 

140 

7.1 

5 

560 

5.4 

6 

960 

6.6 

- 

4 

2,740 

4.7 

LtoQ 

5 

17,900 

5.6 

AtoS 

3 

212,000 

6.1 

AtoQ 

4 

177,000 

6.3 

T 

Max. 

4.7 

R 

Max. 

5.8 

I 

1 

700 

4.4 

5 

560 

5.4 
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STORM  132,  MARCH  23-27,  1913  (Continued) 


5  days 
March 
23-27 


R 

S 


AioS 
T 


4 
Max. 

5 

4 

3 
Max. 

6 

5 

4 


2,680 

1,900 

7,580 

300,000 

55 
250 
480 


4.7 
5.4 
5.2 
4.7 
5.2 
6.5 
6.2 
5.6 
5.1 


5  days 
March 
23-27 


T 
U 


V 
AtoV 


3 
Max. 

4 

3 
Max. 

4 

3 

2 


1,460 

1,150 
8,170 

150 

4,800 

492,000 


STORM  135,  OCTOBER  1-2,  1913 


STORM  136,  DECEMBER  2-5,  1913 


4.0 
4.8 
4.4 
3.6 
4.5 
4.2 
3.5 
4^ 


1  day 

A 

Max. 

13.0 

2  days 

A 

Max. 

14.2 

Oct. 

13 

55 

13.0 

Oct. 

14 

68 

14.1 

2 

12 

340 

12.6 

1-2 

13 

640 

13.6 

11 

770 

12.0 

12 

1,230 

13.1 

10 

1,270 

11.4 

11 

1,900 

12.5 

9 

1,970 

10.7 

10 

2,740 

11.9 

8 

2,700 

10.1 

9 

3,710 

11.3 

7 

3,940 

9.3 

8 

5,590 

10.3 

6 

5,610 

8.5 

7 

7,280 

9.7 

5 

8,490 

7.6 

6 

9,280 

9.0 

4 

11,900 

6.6 

B 

Max. 

8.6 

B 

Max. 

7.5 

8 

68 

8.4 

7 

55 

7.3 

7 

250 

7.8 

6 

230 

6.7 

6 

590 

7.0 

5 

520 

6.0 

AB 

5 

13,800 

7.9 

4 

860 

5.4 

4 

20,900 

6.8 

AB 

3 

19,400 

6.6 

3 

30,100 

5.8 

2 

27,000 

4.7 

C 

Max. 

11.2 

C 

Max. 

11.0 

10 

82 

10.6 

10 

41 

10.5 

9 

140 

10.1 

9 

82 

10.0 

8 

230 

9.5 

8 

120 

9.5 

7 

300 

9.0 

7 

180 

8.8 

6 

400 

8.4 

6 

250 

8.2 

5 

550 

7.6 

5 

400 

7.2 

4 

850 

6.5 

4 

810 

5.8 

3 

1,260 

5,5 

3 

1,230 

5.0 

ABC 

2 

45,600 

4.7 

2 

1,940 

4.1 

1  day 

A 

Max. 

10.0 

1  day 

AB 

4 

8,960 

5.8 

Dec. 

9 

95 

9.5 

Dec. 

3 

14,200 

5.0 

4 

8 

280 

8.9 

4 

2 

33,400 

3.3 

7 

620 

8.1 

2  days 

A 

Max. 

12.5 

6 

1,070 

7.4 

Dec. 

12 

55 

12.2 

5 

1,890 

6.1 

3-4 

11 

280 

11.6 

B 

Max. 

7.5 

10 

660 

11.0 

7 

240 

7.2 

9 

1,200 

10.3 

6 

1,020 

6.7 

8 

1,920 

9.6 

" 

5 

2,180 

6.0 

7 

8,570 

8.0 
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STORM  136,  DECEMBER  ^5,  1913  (CJontinued) 


2  days 
Dec. 
3-4 


3  days 
Dec. 
2-4 


B 
AB 


ABC 
D 


AtoD 


E 


1  day 

Oct. 

15 


6 

5 

4 

3 

2 

Max. 

14 

13 

Max. 

13 

12 

11 

10 

Max. 

10 

9 

Max. 

10 

9 

8 

7 

6 

5 

4 

3 
Max. 


13,800 
20,100 
27,400 
40,400 
67,000 

55 
230 

55 

930 

1,810 

3,150 

220 
8,820 

96 
440 
14,900 
19,000 
22,700 
28,900 
37,700 
55,100 


7.4 

6.8 

6.2 

6.3 

4.2 

14.5 

14.2 

13.7 

13.6 

13.3 

12.9 

12.3 

11.6 

11.1 

10.5 

10.4 

11.0 

10.5 

9.7 

9.6 

9.1 

8.7 

8.0 

7.2 

6.0 

4.9 


3  days 
Dec. 
2-4 

4  days 
Dec. 
2-5 


E 

AtoE 
A 


B 
AB 


ABC 
D 

AtoD 


4 

3 

2 
Max. 
15 
14 
13 
12 
11 
10 
Max. 
10 

9 

8 

7 

6 

5 

4 
Max. 

5 

4 

3 
Max. 

3 

2 


8 

a 


s 

a 

I 


1,300 

5,180 

144,000 

41 

330 

900 

1,780 

3,590 

5,340 

140 
13,000 
18,700 
22,300 
27,300 
34,100 
48,500 

82 

2,160 

117,000 

18,900 
284,000 


A 

Max. 

9 

8 

7 

6 

5 

B 

Max. 

8 

7 

6 

5 

AB 

4 

C 

Max. 

5 

4 

ABC 

3 

D 

Max. 

3 

AtoD 

2 

E 

Max. 

8 

7 

6 

5 

STORM  144,  OCTOBER  14-15,  1914 


41 
140 
260 
440 
680 

27 

110 

250 

920 

3,810 

27 

140 

6,630 

1,100 
16,300 

27 

55 

110 

200 


4.4 

3.7 

>d.9 

16.6 

16.2 

14.6 

13.9 

13.2 

12.3 

11.7 

11.0 

10.5 

10.4 

9.8 

9.6 

8.9 

8.2 

7.1 

5.3 

5.1 

4.5 

6.0 

4.3 

3.6 

3.6 


10.0 

1  day 

E 

4 

360 

5.6 

9.6 

Oct. 

3 

600 

4.8 

8.8 

15 

2 

1,050 

3.8 

8.2 

2  days 

A 

Max. 

11.6 

7.6 

Oct. 

11 

14 

11.3 

6.8 

14-15 

10 

55 

10.7 

8.3 

9 

160 

9.9 

8.3 

8 

300 

9.3 

7.6 

7 

440 

8.7 

7.0 

6 

730 

7.8 

5.9 

B 

Max. 

9.5 

6.2 

9 

27 

9.3 

5.2 

8 

190 

8.6 

5.1 

7 

410 

8.0 

4.7 

6 

770 

7.3 

4.6 

C 

Min. 

3.6 

3.3 

4 

14 

3.8 

3.2 

5 

68 

4.3 

3.4 

ABC 

5 

3,140 

6.4 

8.8 

4 

5,200 

6.7 

8.4 

D 

Max. 

6.4 

8.0 

6 

14 

6.2 

7.3 

5 

96 

5.6 

6.4 

4 

230 

5.0 
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STORM  144,  OCTOBER  14-16,  1914  (Continued) 


2  days 
Oct, 
14-15 


AtoD 

E 


3 
Max. 
10 
9 
8 
7 


11,500 

14 

27 

68 

120 


a 

h 

r 

> 
< 


4.6 

11.0 

10.5 

10.0 

9.1 

8.4 


2  days 
Oct. 
14-15 


E 


AtoE 


6 
5 
4 
3 
2 


I 

S 

a 

I 


230 
340 
550 
920 
25,000 


a 

"a 


> 
< 


7.5 
6.9 
6.0 
5.0 
3.5 


STORM  151,  AUGUST  17-20,  1915 


1  day 

D 

Aug. 

17 

Texas 

center 

I 

DI 

J 

DIJ 

2  days 

D 

Aug. 

17-18 

Texas 

center 

J 

DJ 

I 

K 

Max. 

8.0 

2  days 

IK 

6 

8,080 

7.1 

8 

1,100 

8.0 

Aug. 

DJIK 

5 

38,600 

7.6 

7 

5,320 

7.6 

17-18 

4 

52,300 

6.8 

6 

7,320 

7.3 

Texas 

3 

66,000 

6.1 

Max. 

7.9 

center 

2 

94,700 

6.0 

7 

270 

7.5 

3  days 

D 

Max. 

19.7 

6 

920 

6.8 

Aug. 

19 

1,830 

19.3 

5 

14,000 

6.5 

17-19 

18 

2,900 

19.0 

Max. 

9.1 

Texas 

17 

4,180 

1&6 

9 

160 

9.1 

center 

16 

5,720 

18.0 

8 

420 

8.7 

15 

6,840 

17.6 

7 

780 

8.2 

14 

7,580 

17.3 

6 

1,670 

7.3 

13 

8,530 

16.9 

5 

2,810 

6.6 

12 

9,430 

16.4 

4 

23,400 

6.0 

11 

10,700 

16.8 

3 

31,300 

5.3 

10 

12,300 

16.1 

2 

51,600 

4.2 

9 

14,600 

14.3 

Max. 

18.6 

8 

17,800 

13.2 

18 

55 

18.3 

7 

21,000 

12.4 

17 

140 

17.8 

A 

Max. 

13.0 

16 

270 

17.2 

13 

160 

13.0 

15 

410 

16.6 

12 

410 

12.7 

14 

630 

16.9 

11 

620 

12.3 

13 

890 

16.2 

10 

1,180 

11.4 

12 

1,570 

14.0 

9 

2,450 

10.4 

11 

2,760 

12.9 

. 

8 

5,800 

9.3 

10 

6,410 

11.6 

B 

Max. 

10,6 

9 

8,780 

11.0 

10 

260 

10.3 

8 

11,300 

10.4 

9 

620 

9.8 

7 

13,400 

10.0 

8 

3,290 

8.8 

Max. 

9.1 

AB 

7 

16,700 

8.4 

9 

300 

9.1 

I 

Max. 

10.5 

8 

930 

8.7 

10 

96 

10.2 

7 

1,530 

8.2 

9 

250 

9.8 

6 

19,700 

9.0 

8 

3,540 

8.6 

Max. 

10.0 

7 

7,260 

8.0 

10 

55 

10.0 

L 

Max. 

7.1 

9 

300 

9.6 

7 

230 

7.0 

8 

620 

9.0 

DABIL 

6 

69,800 

8.9 

7 

1,100 

8.4 

5 

93,900 

8.0 

Max. 

7.9 

4 

124,000 

7.2 

7 

3,020 

7.6 

3 

2 

163,000 
211,000 

6.3 
6.4 
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STORM  161,  AUGUST  17-20,  1915  (CJontinued) 


20 


Period  of  Maximum 
Rainfall 
t 

Rainfall  Center 

1 

i 

1 

s 

B 

Average  Depth  In 
Inches 

Poiod  of  Maximum 
Rainfall 

1 
• 

& 

1 

1 

Area  In  Square  Miles 

Average  Depth  In 
Inches 

1  day 

A 

Max. 

6.7 

3  days 

B 

10 

270 

10.0 

Aug. 

6 

3,420 

6.4 

Aug. 

9 

1,620 

9.6 

19 

B 

Max. 

6.2 

18-20 

8 

3,670 

9.0 

Ark. 

6 

2,000 

6.1 

Ark. 

C 

Max. 

8.7 

center 

C 

Max. 

7.0 

center 

8 

630 

8.3 

6 

480 

6.5 

D 

Max. 

12.3 

ABC 

5 

16,000 

5.8 

12 

4,960 

12.1 

4 

25,000 

5.3 

11 

6,460     12.0  1 

D 

Max. 

9.1 

10 

8,320 

11.6 

9 

960 

9.0 

9 

9,990 

11.3 

8 

2,450 

8.7 

8 

11,600 

10.9 

7 

4,300 

8.2 

E 

Max. 

8.4 

6 

5,780 

7.8 

8 

340 

8.2 

5 

7,210 

7.3 

A  toE 

7 

55,100       9.0  1 

4 

9,160 

6.7 

F 

Max. 

8.7 

AtoD 

3 

60,600 

4.8 

8 

1,440 

8.3 

E 

Max. 

3.7 

7 

2,330 

8.0 

3 

1,490 

3.4 

G 

Max. 

8.2 

F 

Min. 

0.9 

8 

160 

8.1 

2 

770 

1.4 

7 

410 

7.7 

G 

Min. 

0.3 

AtoG 

6 

87,200 

8.3 

2 

3,510 

1.2 

5 

116,000 

7.5 

AtoG 

2 

103,000 

3.8 

4 

4 

147,000 

6.8 

2  days 

A 

Max. 

10.9 

3 

196,000 

6.0 

Aug. 

10 

270 

10.5 

2 

255,000 

5.2 

19-20 

9 

820 

9.8 

4  days 

A 

Max. 

14.8 

Ark. 

8 

2,880 

8.9 

Aug. 

14 

250 

14.4 

center 

7 

9,900 

7.9 

17-20 

13 

500 

13.9 

B 

Max. 

8.3 

Total 

12 

960 

13.3 

8 

1,620 

8.1 

storm 

11 

2,670  !  12.1  1 

7 

4,960 

7.7 

10 

5,370 

11.3 

C 

Max. 

7.9 

9 

11,200 

10.4 

7 

380 

7.5 

B 

Max. 

9.8 

ABC 

6 

31,500 

7.1 

9 

580 

9.4 

5 

49,600 

6.5 

C 

Max. 

9.1 

4 

74,100 

5.9 

9 

330 

9.0 

D 

Max. 

9.1 

ABC 

8 

25,300 

9.4 

9 

1,070 

9.0 

D 

Max. 

19.7 

8 

2,380 

8.7 

19 

1,850 

19.3 

7 

4,760 

8.1 

18 

2,930 

19.0 

6 

7,480 

7.5 

17 

4,180     18.6  i 

5 

9,480 

7.1 

16 

5,790 

18.0 

4 

13,200 

6.4 

15 

6,840 

17.6 

AtoD 

3 

135,000 

5.1 

14 

7,580 

17.3 

2 

183,000 

4.4 

13 

8,530 

16.9 

3  days 

A 

Max. 

14.0 

12 

9,530 

16.4 

Aug. 

13 

270 

13.5 

11 

11,000 

15.8 

18-20 

12 

790 

12.8 

10 

12,900 

15.0 

Ark. 

11 

1,620 

12.2! 

9 

15,900 

13.9 

center 

10 

4,820 

11.0 

8 

19,400 

13.0 

9 

10,500 

10.2 

E 

Max. 

10.6 

8 

19,800 

9.4 

10 

260 

10.3 

1 

B 

Max. 

10.1 

9 

1,570 

9.6 
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STORM  161,  AUGUST  17-20,  1915  (Continued) 


2^ 


1 


4  days 

Aug. 

17-20 

Total 

storm 


E 

toE 
F 


G 


1  day 
July 

7 


2  days 
July 

7-8 


I 


I 


8 

7 

Max. 

10 

9 

8 

7 
Max. 

8 


I 

2 


S 
a 


4,660 
66,700 

68 

270 

3,370 

7,600 

120 


a 

a 


^1 

> 
< 


0 


II 
1 

P4 


8.9 
9.9 

10.5 
10.3 
9.7 
8.6 
8.0 
8.2 
8.1 


4  days 

Aug. 

17-20 

Total 

storm 


G 
H 

AtoH 


7 
Max. 

7 

6 

5 

4 
•   3 

2 


A 

Max. 

11 

110 

10 

500 

9 

1,380 

8 

2,850 

7 

5,100 

6 

8,010 

B 

Max. 

9 

220 

8 

660 

7 

1,240 

6 

3,490 

AB 

5 

17,800 

4 

25,600 

C 

Max. 

6 

360 

5 

1,010 

4 

2,100 

D 

Max. 

5 

440 

4 

1,090 

AtoD 

3 

67,300 

E 

.  Max. 

4 

960 

3 

1,920 

AtoE 

2 

78,300 

A 

Max. 

17 

55 

16 

140 

15 

380 

14 

640 

13 

1,300 

12 

1,930 

11 

2,760 

10 

3,900 

9 

5,110 

8 

6,900 

7 

9,440 

6 

12,400 

B 

Max. 

16 

55 

STORM  156,  JULY  6-10,  1916 

11.2 
11.1 
10.6 

9.9 

9.2 

8.4 

7.8 

9.9 

9.4 

8.8 

8.2 

7.1 

6.9 

6.1 

6.2 

6.1 

5.7 

5.1 

5.1 

5.0 

4.7 

4.6 

4.8 

4.4 

3.9 

4.3 
17.3 
17.2 
16.9 
16.0 
16.4 
14.4 
13.8 
13.1 
12.3 
11.7 
10.9 

9.9 
"9.1 
16.9 
16.4 


§ 

s 

a 

I 


410 

250 
107,000 
139,000 
178,000 
233,000 
293,000 


2  days 

B 

15 

250 

July 

14 

540 

7-8 

13 

880 

12 

1,280 

11 

1,880 

10 

3,140 

9 

5,010 

. 

8 

9,270 

C 

Max. 

16 

20 

15 

110 

14 

310 

13 

600 

12 

1,020 

11 

1,460 

10 

1,980 

9 

4,050 

8 

5,210 

BC 

7 

18,900 

D 

Max. 

8 

240 

7 

2,030 

BCD 

6 

34,300 

AtoD 

5 

70,200 

4 

88,000 

£ 

Max. 

5 

160 

4 

780 

F 

Min. 

2 

500 

3 

1,000 

AtoF 

3 

120,000 

2 

144,000 

3da3rB 

A 

Max. 

July 

19 

230 

7-9 

18 

420 

17 

650 

16 

990 

15 

1,670 

14 

2,160 

13 

2,720 

I 


s 

o 

5 


i 


7.7 
7.3 
7.1 
8.7 
8.0 
7.2 
6.3 
6.6 


15.7 

15.0 

14.5 

13.8 

13.1 

12.0 

11.1 

9.9 

16.0 

16.0 

15.6 

14.9 

14.2 

13.5 

12.9 

12.3 

10.9 

10.3 

9.4 

8.2 

8.1 

7.6 

8.2 

6.8 

6.6 

5.1 

5.0 

4.6 

1.4 

1.7 

2.1 

5.0 

4.6 

19.7 

19.4 

19.0 

18.4 

17.8 

16.9 

16.3 

16.6 


' 
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STORM  166,  JULY  6-10,  1916  (Continued) 


.1 


'  ''    ', 


i 

5 

g 

1 

1 

S 

a 

a 

m 

s 

a 

Period  of  MazJi 
BalnfaU 

i 
1 

i 

a 

1 

Average  Depth 
Inches 

Period  of  Maxli 
Ralnfau 

Rainfall  Center 

1 

C 

i 

1 

s 

1 

Average  Depth 
Inches 

3  days 

A 

12 

3,720 

14.9 

4  days 

B 

18 

2,500 

19.2 

July 

11 

5,690 

13.7 

July 

17 

3,410 

18.7 

7-9 

10 

8,030 

12.8 

&-9 

16 

4,450 

18.2 

9 

10,200 

12.1 

15 

5,440 

17.7 

8 

12,500 

11.4  i 

14 

7,240 

16.9 

B 

Max. 

17.6, 

C 

Max. 

18.6 

17 

55 

17.3 

18 

50 

18.3 

16 

260 

16.7 

17 

210 

17.7 

15 

620 

16.0 

1 

16 

520 

17.0 

14 

1,000 

15.4 

15 

1,080 

16.2 

13 

1,460 

14.8 

14 

1,790 

15.5 

12 

2,070 

14.1 

BC 

.  13 

13,300 

15.6 

11 

3,240 

13.2 

D 

Max. 

13.2 

10 

5,940 

11.9 

13 

200 

13.1 

9 

8,740 

11.2 

E 

Max. 

13.5 

8 

16,800 

9.9 

» 

13 

90 

13.2 

C 

Max. 

17.4 

AtoE 

12 

25,200 

14.6 

17 

75 

17.2 

11 

33,200 

13.8 

16 

200 

16.7 

10 

41,600 

13.2 

15 

500 

16.0 

9 

52,300 

12.4 

14 

740 

15.5 

'   F 

Min. 

3.8 

13 

1,040 

14.9 

4 

150 

3.9 

12 

1,340 

14.4 

5 

440 

4.3 

11 

1,700 

13.8 

6 

850 

4.9 

10 

2,280 

12.9 

7  • 

1,420 

6.2 

9 

3,890 

11.5 

8 

2,480 

6.4 

8 

5,260 

10.7 

AtoF 

8 

69,300 

11.4 

D 

Max. 

12.5 

!  O 

Max. 

12.5 

12 

20 

12.2 

1 

12 

35 

12.2 

11 

50 

11.8 

] 

11 

95 

11.8 

10 

200 

10.8 

10 

200 

11.1 

9 

380 

10.2 

9 

410 

10.3 

8 

620 

9.5 

8 

660 

9.6 

AtoD 

7 

56,000 

9.4 

H 

Max. 

9.6 

6 

75,400 

8.7 

1 

9 

500 

9.3 

5 

93,800 

8.0 

8 

1,840 

8.7 

4 

114,000 

7.4 

AtoH 

7 

89,000 

10.6 

E 

Max. 

5.9 

6 

104,000 

10.0 

5 

90 

5.4 

5 

116,000 

9.5 

4 

600 

4.6 

4 

136,000 

8.2 

AtoE 

3 

146,000 

6.6 

3 

162,000 

8.0 

2 

182,000 

5.8 

2 

194,000 

7.0 

4  days 

A 

Max. 

20.3  !,5days   A 

Max. 

22.3 

July 

20 

80 

20.2 

July 

22 

23 

22.2 

6-9 

19 

260 

19.7 

6-10 

21 

120 

21.7 

18 

450 

19.2 

20 

280 

20.8 

17 

740 

18.5 

19 

530 

20.3 

16 

1,100 

17.9 

18 

840 

19.6 

15 

1,910 

16.9 

17 

1,200 

19.0 

14 

2,680 

16.7 

16 

1,620 

18.5 

13 

3,530 

15.6 

1 

15 

2,320 

17.5 

B 

Max. 

20.0 

i 

14 

3,000 

16.8 

19 

1,640 

19.5 

13 

4,090 

15.9 
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Period  of  Maximum 
Ratnfau 

1 

1 
t 

1 

S 

B 

i 

< 

1  i 
li 

> 

< 

1 

1 
1 

ll 

1 

s 

1 

*• 

1 
1 

8 

1 

1 

a 
xs 

¥m  XS 

5  days 

B 

Max. 

20.0  5  days 
19.5  July 

F 

'      11 

580  12.8  1 

July 

19 

1,710 

10 

840 

12.1 

6-10 

18 

2,580 

19.2 

6-10 

9 

1,240 

11.2 

17 

3,560 

18.8  i 

G 

Max. 

14.3 

16 

4,870 

18.1  , 

14 

40 

14.2 

15 

6,200 

17.6! 

13 

160 

13.7 

14 

8,180 

16.8  i 

12 

340 

13.0 

C 

Max. 

18.8  : 

11 

640 

12.3 

18 

100 

18.4  ; 

10 

1,060 

11.6 

17 

320 

17.8 

9 

1,730 

10.8 

16 

680 

17.1 

H 

Min. 

4.4 

15 

1,260 

16.4 

5 

180 

4-7 

14 

2,190 

15.6 ;: 

6 

400 

5.1 

BC 

13 

14,400 

15.7  ; 

7 

900 

5.9 

D 

Max. 

14.4 

8 

1,980 

6.8 

14 

700 

14.2 

AtoH 

8 

86,700 

11.4 

13 

2,360 

13.7 

7 

100,000 

10.8 

AtoD 

12 

29,300 

14.7  '\ 

6 

116,000 

10.2 

11 

37,300 

14.0  1 

I 

Max. 

9.2 

£ 

Max. 

13.8 ;; 

9 

30 

9.1 

13 

100 

13.4 

1 

8 

400 

8.5 

12 

450 

12.7 

7 

740 

8.0 

11 

1,350 

11.9 

J 

Max. 

8.4 

AtoE 

10 

50,000 

13.1 

8 

160 

8.2 

9 

63,300 

12.4 

7 

600 

7.7 

F 

Max. 

15.9 

IJ 

6 

2,240 

7.3 

15 

25 

15.4 

A  to  J 

5 

135,000 

9.6 

14 

90 

14.8 

4 

154,000 

9.0 

13 

220 

14.0 

3 

181,000 

8JS 

12   1 

390 

13.4 

2 

230,000 

6.8 

STORM  157,  JULY  14-16,  1916 


1  day 

A 

Max. 

July 

13 

15 

12 

11 

10 

9 

8 
7 
6 

C 

Max. 
9 
8 
7 
6 

D 

Max. 
6 

ACD 

5 
4 

B 

Max. 
10 

41 

260 

580 

860 

1,270 

1,790 

2,380 

3,080 

14 
110 
290 
660 

190 

6,560 

10,900 

700 


13.2 

13.1 

12.6 

12.0 

11.5 

10.8 

10.2 

9.5 

8.8 

9.4 

9.2 

8.6 

7.9 

7.2 

6.6 

6.3 

7.3 

6.1 

10.6 

10.3 


1  day 

July 

15 


1  day 

July 

16 


B 


ABCD 


9 

1,530 

9.7 

8 

2,480 

9.3 

7 

3,520 

8.7 

6 

4,640 

8.1 

5 

5,970 

7.6 

4 

7,350 

7.0 

3 

25,900 

5.6 

2 

36,000 

4.7 

Max. 

19.3 

19 

3 

19.2 

18 

14 

18.7 

17 

27 

18.1 

16 

41 

17.6 

15 

55 

17.0 

14 

96 

16.0 

13 

150 

15.1 

12 

190 

14.6 

11 

230 

14.0 

10 

310 

13.1 

9 

490 

12.2 
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STORM  167,  JULY  14-16,  1916  (Continued) 


[Maximum 
InfaU 

1 

1 

c 

1 

a 

ii 

r  Maximum 

S 

1 

1 
S 

1- 
^1 

^2 

1 

1 

1 

a 

1 

1 

1 

1 

a 

1 

1  day 

A 

8 

740 

10.9 

2  days 

c 

13 

230 

13.4 

July 

7 

1,070 

9.9 

July 

12 

420 

13.0 

16 

6 

1,420 

9.0 

15-16 

11 

670 

12.4 

5 

1,850 

8.2 

10 

960 

11.9 

B 

Max. 

14.7 

9 

1,530 

11.0 

14 

14 

14.3 

8 

2,040 

10.4 

13 

68 

13.7 

7 

2,630 

9.7 

12 

150 

13.0 

6 

3,380 

9.0 

11 

270 

12.3 

^ 

D 

Max. 

9.8 

10 

440 

11.6 

9 

27 

9.4 

9 

640 

11.0 

8 

140 

8.7 

8 

960 

10.1 

7 

420 

7.9 

7 

1,340 

9.4 

6 

840 

7.2 

6 

1,760 

8.7 

£ 

Max. 

7.4 

5 

2,260 

8.0 

7 

27 

7.2 

AB 

4 

5,560 

7.2 

6 

530 

6.5 

C 

Max. 

6.4 

CDE 

5 

7,350 

7.4 

6 

27 

6.2 

AtoE 

4 

26,800 

7.6 

5 

230 

6.6 

F 

Max. 

7.4 

4 

730 

4.8 

7 

86 

7.2 

ABC 

3 

9,000 

5.9 

6 

340 

6.7 

2 

13,900 

4.7 

5 

880 

6.0 

D 

Max. 

6.8 

4 

1,750 

5.2 

5 

68 

5.4 

A  toF 

3 

37,700 

6.5 

4 

410 

4.7  1 

2 

46,200 

5.8 

3 

1,030 

4.0 

3  days 

A 

Max. 

23.7 

2 

2,160 

3.2 

July 

22 

6 

22.8 

2  days 

A 

Max. 

23.2 

14-16 

21 

41 

21.5 

July 

22 

4 

22.5 

20 

82 

21.0 

16-16 

21 

27 

21.6 

' 

19 

120 

20.5 

20 

82 

20.9 

1 

18 

210 

19.6 

19 

120 

20.4 

1 

17 

440 

18.5 

18 

210 

19.6 

16 

820 

17.6 

17 

410 

18.5 

15 

1,150 

17.0 

16 

750 

17.6 

14 

1,460 

16.5 

15 

1,070 

17.0 

13 

1,840 

15.8 

14 

1,380 

16.4 

t 

12 

2,310 

15.2 

13 

1,750 

15.8 

B 

Max. 

16.4 

12 

2,140 

15.2 

15 

41 

15.7 

B 

Max. 

16.1 

14 

120 

14.9 

15 

41 

15.5 

13 

260 

14.2 

14 

120 

14.8 

12 

440 

13.5 

13 

220 

14.2 

AB 

11 

3,930 

13.9 

12 

410 

13.4 

10 

5,610 

12.9 

AB 

11 

3,780 

13.8 

9 

6,530 

12.4 

10 

5,450 

12.9 

8 

7,720 

11.8 

« 

9 

6,390 

12.3 

7 

8,960 

11.2 

8 

7,410 

11.8 

6 

10,400 

10.6 

7 

8,720 

11.2 

5 

12,100 

9.8 

6 

10,200 

10.5 

i 

C 

Max. 

16.8 

6 

11,800 

9.8 

t 

16 

110 

16.4 

c 

Max. 

13.8 

15 

360 

15.8 
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STORM  157,  JULY  14-16,  1916  (Continued) 


S 
o 

j 

c 


3  days! 
July 
14-16  1 


14 

13 

12 

11 

10 

9 

8 

7 

6 


8 

a 


i 


760 
1,290 
1,790 
2,700 
3,740 
6,270 
6,710 
8,660 
11,800 


> 


16.1 
14.4 
13.9 
13.1 
12.4 
11.6 
10.9 
10.1 
9.2 


.  3  days 
July 
14-16 


C 

ABC 

D 


AtoD 


s 


I 


6 
4 
Max. 
7 
6 
6 
4 
3 
2 


I 

5 

z 

a 
t 

< 


16,400 
35,600 

48 

340 

880 

1,710 

45,600 

58,600 


5 

r 


8.1 
8.0 
7,6 
7.3 
6.6 
5.9 
5.2 
7.1 
6.1 


